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Contributions to these differences in mechanical driving force were examined using
high resolution scanning electron microscopy, coupled with the stereoimaging technique.
This technique enabled the quantification of local crack-tip displacements, strains, and
crack opening loads during fatigue crack growth. Measurements showed that the crack-tip
strain fields, as well as the nature of crack closure, were significantly different for
small and large cracks. These observations were consistent with the fact that the linear
elastic fracture mechanics concept of small scale yielding was shown to be invalid for
small cracks based on the fact that measured crack-tip plastic zone sizes were on the order
of the crack size.

in view of this situation, tha local crack-tip measurements were used to define an
elastic-plastic crack driving force based on the relationship between crack-tip opening
displacement and aJ, the cyclic J-integral. To facilitate comparison of small and large
crack data, aJ was expressed in terms of an equivalent aAK, termed aK_,,. The value of 8Kq
for small cracks was found to depend on significant contributions ?Som plasticity, mixeg
modeness and crack closure, while that for large cracks was found to depend only on crack
closure. Expressing the crack growth rates of small and large cracks as a function of AKeq
resulted in kinetics which were independent of crack size, within experimental scatter.

The above results formed the basis of a phenomenological modei for the growth of both
small and large fatigue cracks in which aK is related to the applied aK. Since 8Kg
cannot currently be computed analytically, fﬁb phenomenological model was used to predicg
the fatigua life of unflawed turbine engine discs. The initial flaw sizes for these
calculations were set equal to the material grain size -- a size typical of the intrinsic
microstructural defects expected to be found in Ni-based superalloys. The fatigue lives
predicted using the phenomenological model were found to be in better overail agreement
with measured fatigue lives than those predicted based on the classical linear elastic
fracture mechanics approach and large crack data. At longer lives, the latter approach
cverpredictrc the measured lives by several orders of magnitude. This overprediction was
shown to be associated with the the occurrence of the fatigue crack growth threshold for
large cracks, aK.,. Based on these results, it is concluded that aK,  _ and associated near-
threshold growth rate data are not applicable to material se1ectF8n, design and damage
tolerant analyses of turbine engine discs.
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FOREWORD

The current program was conducted through a teaming arrangement between
Southwest Research Institute (SwRI) and Rolls-Royce (RR). SwRI was the prime
contractor and was responsible for the overall conduct and management of the
program, while RR was a subcontractor to SwRI. The RR technical effort was
conducted at RR plc in Derby, England, while the subcontract was administered
through RR, Inc., Atlanta Engineering Office, with A. B. Thakker serving as
the RR Program Manager. The technical responsibilities of SwRI included the
experimentation on small cracks, as well as the mechanistic studies and
phenomenological model development. RR provided the test materials and
generated the mechanical properties and reference fatigue crack growth rate
data on large cracks, and conducted most of the fractographic examination. RR
also used the model developed by SwRI to predict fatigue lives of available
rig-tested turbine discs. This procedure enabled the model assessment to be
conducted independent of the model development.
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1. SUMMARY

Growth rate data for small fatigue cracks in fine grained (12 um) and
coarse grained (30 um) Astroloy and in coarse grained (42 um) Waspaloy were
obtained at temperatures of 25°C, 200°C and 600°C. Expressing the crack
growth kinetics in terms of the linear elastic parameter AK resulted in small
cracks growing faster than large cracks in all cases except that of the fine
grained Astroloy at elevated temperature. This difference occurred even
though the crystallographic nature of cracking in small cracks was shown to be
the same as that in large cracks, based on metallographic, selected area
electron channeling, and fractographic information. Furthermore, the fracture
morphology of small and large cracks also exhibited the same dependence on
temperature and applied stress level indicating that the crack propagation
mechanism was the same in both cases. Consequently, it was concluded that the
observed differences in kinetics were due to differences in mechanical driving
force for small and large fatigue cracks.

Contributions to these differences in mechanical driving force were
examined using high resolution scanning electron microscopy, coupled with the
stereoimaging technique. This technique enabled the quantification of local
crack-tip displacements, strains, and crack opening loads during fatigue crack
growth. Measurements showed that the crack-tip strain fields, as well as the
nature of crack closure, were significantly different for small and large
cracks. These observations were consistent with the fact that the linear
elastic fracture mechanics concept of small scale yielding was shown to be
invalid for small cracks based on the fact that measured crack-tip plastic
zone sizes were on the order of the crack size.

In view of this situation, the local crack-tip measurements were used to
define an elastic-plastic crack driving force based on the relationship be-
tween crack-tip opening displacement and AJ, the cyclic J-integral. To
facilitate comparison of small and large crack data, aJ was expressed in terms

of an equivalent AK, termed aK The value of ak for small cracks was

eq* eq
found to depend on significant contributions from plasticity, mixed modeness

and crack closure, while that for large cracks was found to depend only on
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crack closure. Expressing the crack growth rates of small and large cracks as
a function of AKeq resulted in kinetics which were independent of crack size,
within experimental scatter.

The above results formed the basis of a phenomenological model for the
growth of both small and large fatigue cracks in which AKeq is related to the
applied akK. Since AKeq cannot currently be computed analytically, the
phenomenological model was used to predict the fatigue 1life of unflawed
turbine engine discs. The initial flaw sizes for these calculations were set
equal to the material grain size -- a size typical of the intrinsic micro-
structural defects expected to be found in Ni-based superalloys. The fatigue
lives predicted using the phenomenological model were found to be in better
overall agreement with measured fatigue lives than those predicted based on
the classical linear elastic fracture mechanics approach and large crack
data. At longer lives, the latter approach overpredicted the measured lives
by several orders of magnitude. This overprediction was shown to be
associated with the the occurrence of the fatigue crack growth threshold for
large cracks, 8Ky,. Based on these results, it is concluded that AKth and
associated near-threshold growth rate data are not applicable to material

selection, design and damage tolerant analyses of turbine engine discs.
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2. INTRODUCTION

The approach to insuring the safety, reliability and cost effectiveness
of high-performance gas turbine engines has undergone a change from the "safe
1life" philosophy, based on traditional fatigue crack initiation concepts, to
the "damage tolerant" philosophy, based on fracture mechanics concepts. The
latter has been formally implemented by the United States Air Force in two
separate programs. The Retirement-for-Cause of Turbine Engine Components
Program uses fracture mechanics concepts in the life management of critical
components of the F100 engine [2.1, 2.2]. The Engine Structural Integrity
Program (ENSIP) is broader in scope and establishes a general damage tolerance
design specification for critical components of future engines {2.3-2.5]. In
both programs, crack-like defects must be assumed to exist in the components
at the time of production and analysis and testing is required to demonstrate
that these defects will not grow to a critical size, corresponding to
catastrophic failure, within the lifetime of the engine.

The above approach is based on the assumption that there exists a
unique, geometry-independent relationship between the crack-tip stress inten-
sity factor, defined by linear elasticity, and the rate of fatigue crack pro-
pagation. Such a relationship has been demonstrated for 1large through-
thickness cracks which have traditionally been tested in the laboratory [2.6-
2.8]. However, more recent results on cracks which are small in relation to
either the crack-tip plastic zone size or the material microstructure appear
to the violate such a relationship [2.9-2.12]. These “small" cracks appear to
grow at faster rates than those of large cracks subject to the same elastic
stress intensity factor range, AK. Furthermore, small cracks can propagate
at aK values which are below the threshold aK value exhibited by large cracks.

Unfortunately, the demarcation between "small"® and "large" crack
behavior is not well defined. Thus, the precise impact of this anomalous
behavior on life prediction has been uncertain. Wevertheless, it is clear
that with the advent of improved nondestructive examination techniques this
issue will increase in importantance. For example, recent analyses have
estimated that an improvement in NDE resolution of about a factor of two will
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result in an order of magnitude difference in the life predicted using crack
growth rates from "small" versus "large" cracks |2.10].

The above situation provided the impetus for the current program. The
primary objective of this program was to define the limitations of linear
elastic fracture mechanics to treat the growth of small cracks and to identify
the underlying physical mechanisms responsible for the anomalously high growth
rates exhibited by small cracks. The anticipated benefits from such an effort
include an improved basis for life prediction, as well as more realistic
material selection criteria.

2.1 References

2.1 J. M., Hyzak, W. H. Reimann, and J. E. Allison, "The ODevelopment of
Quantitative NDI for Retirement-for-Cause," Air Force Materials
Laboratory, Report AFML-TR-78-198, Wright-Patterson AF8, OH, 1979,

2.2 C. G. Annis, Jr., J. S. Cargill, J. A, Harris, Jr., and M. C.
Van Wanderham, "Engine Component Retirement-for-Cause: A Nondestructive
Evaluation (NDE) and Fracture Mechanics-Based Maintenance Concept,"
Journal of Met., 1981, pp. 24-28,

2.3 W. D. Cowie, "Turbine Engine Structural Integrity Program (ENSIP),"
Journal of Aircraft, Vol. 12, 1975, pp. 366-369.

2.4 United States Air Force, "Engine Structural Integrity Program," Military
Standard 1783, Aeronautical Systems Division, Wright-Patterson Air Force
Base, OH, 1984.

2.5 T. T. King, W. D. Cowie, and W. H. Reimann, "Damage Tolerant Design
Concepts for Military Engines," AGARD Conference Proceedings No. 393,
NATO Advisory Group for Aerospace Research and Development, 1985,
pp. 31-39.

2.6 P. C. Paris and F. Erdogan, "A Critical Analysis of Crack Propagation
Laws," ASME J. Basic Engr., December 1963, pp. 528-534.

2.7 P. C. Paris, "The fracture Mechanics Approach to Fatigue," in Proc. of
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1964, pp. 107-132.

2.8 S. J. Hudak, Jr., A. Saxena, R. J. Bucci and R. C. Malcoim, "Development
of Standard Methods of Testing and Analyzing Fatigue Crack Growth Rate
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Patterson Air Force Base, OH, 1978.
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3. MATERIAL MICROSTRUCTURAL AND MECHANICAL PROPERTIES

Two nickel-base superalloys typical of those used in gas turbine engine
discs were chosen for this study: 1) Astroloy, examined in fine grained (FG)
and coarse grained (CG) variants, 2) and Waspaloy. The thermo-mechanical
processing of these alloys and resulting monotonic and cyclic stress-strain
properties, as well as creep properties, are provided in this section.

3.1 Microstructural Characterization

The Waspaloy used in this program was in the form of a large diameter
turbine disc and was produced by Cameron Iron Works using a cast-wrought
route. The measured chemical composition is given in Table 3-1. The alloy
was melted by a Vacuum Induction Melt/Vacuum Arc Refine (VIM-VAR) process and
heat treated as follows:

Solution 2 hours 1016C 011 Quench
1st Age 4 hours 850C Air Cool
2nd Age 16 hours 760C Air Cool

The Waspaloy grain size, determined in accordance with ASTM El12, was
42 um (ASTM 5.9). The microstructure, which consisted of equiaxed grains,
with occasional large grains up to 200 um by 100 um, is shown in Figure 3-1.
The v- structure was also examined, and was a bimodal distribution of
spheroidal particles, typically 0.3 and 0.03 um in diameter (Figure 3-2).

Both the FG and (G Astroloy were produced by a powder metallurgy route
involving argon atomization, powder classification and blending followed by
Hot Isostatic Pressing (HIP) into billet prior to forging. The powder was
supplied and HIP'ed by Wiggin Alloys. The FG discs were forged by Daniel
Doncasters, while the CG discs were forged by Landish. The measured chemical
composition is given in Table 3-2. A1l discs were heat treated as follows:

1218°C HiP (30,000 psi)

Solution 4 hours 1095°C Air Cool
1st Age 24 hours 650°C Air Cool
2nd Age 8 hours 760°C Air Cool



Element

Carbon
Silicon
Manganese
Phosphorus
Sulphur
Silver
Aluminum
Boron
Bismuth
Cobalt
Chromium
Copper
Iron
Mo1ybdenum
Lead
Titanium
Zirconium
Nickel

CHEMICAL COMPOSITION OF WASPALOY

TABLE 3-1

Specified Composition
Weight ¥ (ppm)

Min

0.02

1.2

0.003

12.0
18.0

3.5

2.8

0.02
Remainder

Max

0.10
0.15
0.10
0.015
0.008
(5)
1.6
0.01
(1)
15.0
21.0
0.10
2.0
5.0
(10)
3.3
0.08

Analysis

0.023
0.037
0.02
0.003
<0.002

1.5
0.007

12.26
19.52

0.97
3.82

3.29
0.062
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FIGURE 3-1. Microstructure of Waspaloy




Element

Carbon
Silicon
Manganese
Phosphorus
Sulphur
Argon
Silver
Aluminum
Boron
Bismuth
Cobalt
Chromium
Copper
[ron

Mo lybdenum
Nitrogen
Oxygen
Lead
Titanium
Tungsten
Zirconium
Nicke]l

TABLE 3-2

CHEMICAL COMPOSITION OF ASTROLOY

Specified Composition

Weight ¥ (ppm

)
MAX

MIN
0.01

0.015

16
14

3.35

0.03

Balance

0.035
0.2
0.15
0.15
0.005

(3)
(5)
4.15
0.03

(0.5)

18

16
0.1
0.5
5.5
(50)

(150)
(10)
3.65
0.05
0.06

Analysis
A3770 A3771 AAHZ
0.023 0.025 0.026
0.016 0.014 0.021
- 0.010 0.020
0.003 0.002 0.003
<0.002 <0.002 <0.002
4.06 4,09 3.97
0.02 0.02 0.018
17.23 17.1z 17.13
14.92 14.91 14.84
- - 0.02
0.07 0.07 0.05
5.05 5.05 5.07
3.49 3.53 3.53
0.03 0.02 0.C2
0.042 0.040 0.047
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The CG Astroloy received an additional grain growth treatment of 4 hours
at 1180°C, before being re-solutioned and re-aged.

The grain sizes of the two Astroloy variants were 12 um (ASTM 10) for
the FG material and 30 um (ASTM 7) for the CG material. The general micro-
structure and y- morphology for the FG Astroloy are shown in Figures 3-3 and
3-4, respectively. Analogous results for the CG Astroloy are shown in
Figures 3-5 and 3-6. In the FG material, the y- existed as large, monolithic
particles carried over from forging, (that is, not broken up during solution)
with a fine back-ground dispersion of cubic y-, approximately 0.2 um on
edge. In the CG variant the monolithic y- was broken down by the additional
grain growth treatment. The structure was bimodal and cubic, the particles
being 0.5 um and 0.1 um on edge.

3.2 Mechanical Properties

Jensile tests were performed under both monotonic and cyclic
conditions. The specimens utilized are shown in Figures 3-7 and 3-8. The
monotonic tests were conducted in accord with BS4A4 Part 1 Section 3, while
the cyclic testing was conducted in accord with the method of Pickard and
Knott {3.1].

Tabulated summaries of the tensile results at 25°C, 200°C and 600°C are
given in Tables 3-3 thru 3-5, with graphic representation given in Figures 3-9
thru 3-11. A tabulation of the strain hardening data is given in Tables 3-6
and 3-7. The values of K and n in Table 3-34 were determined Ly least squares
fitting of the monotonic stress-strain data to the following equation:

where 5 = the true stress and € = the true (logrithmic) plastic strain. The
cyclic values given in Table 3-7 were similarly obtained using the following
equation:

Aen‘
b _ P
2 2
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FIGURE 3-3.

Microstructure of FG Astroloy

FIGURL 3-4.

Y Structure of FG Astroloy
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Microstructure of CG Astroloy
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FIGURE 3-10. Monotonic (solid lines) and cyclic (dashed
lines) stress-strain curves for FG Astroloy
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Material

Waspaloy

FG Astroloy

CG Astroloy

Temp

20
200
600

20
200
600

20
200
600

TABLE 3-6

MONOTONIC STRAIN HARDENING DATA

211
215
181

222
2V5
168

1207.8
1051.4
1099.2

1162.3
1218.1
1231.6

1191.2
1068.5
1245.8

0.043
0.033
0.053

0.018
0.038
0.036

0.042
0.033
0.059

0.98
0.99
0.99

0.92
0.94
0.98

0.99
0.99
0.99

————ar——————

Correlation
Coefficient



TABLE 3-7
CYCLIC STRAIN HARDENING DATA

Material Temp E k' n' Correlation
Coefficient
Waspaloy 20 229 1375.3 0.064 0.99
200 215 1420.6 0.075 0.98
600 197 963.7 9.029 0.69
FG Astroloy 20 216 1372.8 0.052 0.96
(A3771)
200 207 1591.5 0.065 0.98
600 192 2604.1 0.150 0.95%
FG Astroloy 20 225 1464.8 0.064 0.97
(A3770) ,
200 201 1539.2 0.061 0.98
600 198 2423.4 0.140 0.96
CG Astroloy 20 220 1274.3 0.059 0.99
200 221 1642.0 0.089 0.99

600 183 1480.0 0.094 0.94



Constant load creep strain to rupture tests wece conducted at 600°C for
all three materials to define the stress rupture curve between 50 and 500
hours. The test specimen utilized is shown in Figure 3-12. The plotted
rupture data are shown in Figure 3-13.

The tensile and creep properties of the Waspaloy and the FG Astroloy
were considered to be typical for materials form forgings of these sizes. The
CG Astroloy exhibited tensile and creep properties which were somewhat below
typical levels, but nevertheless above the specification minimum 1levels.
Thus, the three forgings supplied form a solid basis for the current study.

3.3. References

3.1 A. C. Pickard and J. F. Knott, "Effect of Testing Method on Cyclic
Hardening Behavior of Face Centered Cubic Alloys," ASTM Symposium on Low
Cycle Fatigue, October 1985, in press.
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4. FATIGUE THRESHOLD AND LARGE CRACK GROWTH BEHAVIOR

4.1 Large Crack Testing Procedure

The experiments were performed to a Rolls-Royce procedural specification
which is broadly similar to the ASTM draft specification for the determination
of aK¢pe This load shedding technique utilizes load reductions of 5%, growing
the crack at least three times the calculated maximum plastic zone size prior
to further reductions in load. As the threshold is approached, the load re-
ductions are decreased in magnitude until they reach the limit of the machines
sensitivity. The threshold condition was defined as no detectable growth in
107 cycles. After the threshold is established, the alternating load is
increased at constant load ratio to that expected to yield a growth rate of
10'7 mm/cycle and the crack allowed to grow freely under constant tload
amplitude.

Standard compact-type specimens having an effective width of 26 mm and a
thickness of 13 mm were used to obtain the large crack data. Threshold and
crack growth testing was performed on a 100 kN capacity Amsler vibrophore
electro-resonant fatique machine at a cyclic frequency of 130 Hz. The crack
length was determined by a D.C. potential drop technique as described by Hicks
and Pickard [4.1]. Crack length was also determined optically during the test
as a back up to that determined by the potential drop method.

After termination of the tests, the specimens were heat tinted (where
required) and the final crack length measured at five points across the crack
front. The average final crack length, and the final crack voltage were used
to calibrate the potential drop to a crack length polynominal function, en-
abling an accurate post-test determination of the threshold and subsequent
crack growth rates. Crack growth data were not determined for the decreasing

AK phase of the tests.

Crack growth rates were determined using a three point secant method as
follows:

da 4+l - ai—L
dN. = N, - N,
i i+l i-1

The corresponding value of aK was ccomputed using aj.




gk

R A ot D e

4.2 Near-Threshold Fatigue Crack Growth Rates in Large Cracks

The effects of temperature on threshold and near threshold growth rates
are summarized in Figures 4-1 through 4-3. In the FG Astroloy material, the
threshold conditions is independent of temperature, but with fatigue crack
growth rates at higher stress intensities becoming faster with increased
temperature. This latter feature is considered to be a manifestation of oxide
induced closure [4.2}. In CG Astroloy (Figure 4-2) a trend of increasing
threshold with decreasing temperature was noted. In a comparison of the
coarse and fine grain variants of Astroloy it is apparent that the threshoild
values at 600°C are quite similar, indicative perhaps of an equivalence of
surface roughness. The effects of temperature in the necklaced variant are
shown in Figu:e 4-3. In the absence of any RT data, the data for CG Astroloy
has been inciuded. A comparison of the necklace data with that of the FG and
CG Astroloy again reveals good correlation at 600C with increasing
discrepancies at lower temperatures. The variations in threshold and near
threshoid crack growth with microstructure are shown in Figures 4-4 and 4-5
for 200°C and 600°C, respectively. The effects of load ratio at 600°C are
shown in Figures 4-6 and 4-7 for FG and CG Astroloy, respectively. At
R = 0.1, thresholds for both microstructural variants offer comparatively good
agreement, as might be expected, since at 600°C the dominant mode of material
deformation at the crack tip is wavy slip producing a comparatively smooth
transgranular fracture surface with 1little variation 1in fracture surface
roughness between microstructural variants. In keeping with this, the
threshold condition will be dominated by oxide induced closure, which
manifests itself as a grain size independent threshold. The high load ratio
data (R = 0.5) is perhaps a more representative indication of the true
resistance of the material to the growth of a fatique crack, with the fine
grain material being marginally superior.

The near threshold growth rates of CG Astroloy in air and vacuum, are
contrasted in Figure 4-8. The threshold condition in vacuum is generally re-
cognized as being higher than its air counterpart, and in this case as having
a significantly higher knee. Work by Beevers ([4.3] on both Waspaloy and
Astroloy has indicated threshold behavior at 200°C in vacuum to be variabile,
due to load history effects, and having an enhanced tendency towards a planar
slip deformation mechanism, The behavior at 600°C, while no longer dominated
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by such a tendency towards facetted fracture does remain similar in nature
with an indication of a higher threshold and Tower growth rates in the Paris
regime. Although the range of growth rates explored was not as extensive as
the 200°C vacuum test, corroboration of the lower growth rates in vacuum comes
from the test data for Waspaloy at 550°C in air and vacuum, (Figure 4-9) where
growth rates in air are a factor of two faster than the vacuum growth rates.

Crack growth data for Waspaloy is shown in Figure 4-10 along with the
growth rates measured for coarse grain Astroloy of 30 um grain size. The
behavioral trends are similar to those seen in (G Astroloy (Fiaure 4-2),
although it should be emphasized that the threshold conditions measured were
Tower for the R7 iest than the 600°C test. The 600°C behavior is almost iden-
tical to the 6C0°C behavior of ciwe 30 um grain size Astroloy, with threshold
again being dominated by oxide induced closure, while the RT growth rates are
slightly faster than the 30 um Astroloy due to the differences in yielding be-
havior, and the fact that the Waspaloy, while coarser in grain size, did .ot
produce facets in the near threshold regime to the same extent as the 30 um
grain size Astroloy.

'4
4.3 The Influence of Grain Size on Fatique Threshold

The room temperature CG Astroloy data obtained in the current study ex-
hibits significantly Jlower AKyh values than that obtained previously for a
different heat of CG Astroloy [4.4, 4.5]. Several factors are believed to
contribute to this difference as follows: First, the material used in the
previous study was "As-HIP'ed“, and particularly prone to facetting on {111}
planes at RT. Secondly, the average grain size in the previous study was
50 um as opposed to 30 um in the current study. When the above factors are
considered, the differences in the measured thresholds are not unexpected.
Figure 4-11 plots the measured thresholds from this and other studies (4.4,
4.6] of Astroloy against grain size. The correlation between points is very
gcod, and certainly puts the measured values into p2rspective. Although the
mechanism by which grain size influences the fatigue crack growth rate is not
completely understood, the fractographic information is consistent with the
operation of roughness-induced and oxide-induced mechanisms of crack closure.
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4.4 Crack Closure in Large Cracks

Crack closure results are of interest to understanding certain trends
exhibited by the previous crack gruwth rates in large cracks. In addition,
the basic differences in the extent of crack closure developed by large and
small cracks need to be taken into account in attempting to formulate a
driving force for <crack growth which 1is independent of crack size,
Fundamental crack closure concepts are briefly reviewed below, in preparation
for a -cummary and reinterpretation of literature data on crack closure in
Astroloy large cracks.

From the basic definition of crack closure, as defined originally by
Elber [4.7], we have:

AKeff = K - K = pAK - aK (4-1)

max op cl

where: AKC] = KOp - Kmin

where the definitions of the above parameters is given in Figure 4-12. Al
though the lcad required to open the crack (Pop) is the basic measurenent in
any crack closure study, this measurement is often expressed in terms of any
one of several dimensionless closure parameters, including: Reff = Pop/pmax =
Kop/Kmax’ or aK,ge/8K.  However, based on the definition in Eq. (4-1) these
parameters are related as follows:

AKeff/AK = (1 - Reff)/(l - R) (4-2)

Recently, Hudak and Davidson [4.8] have found that crack closure could
be described by the following relatively simple relationship for several dif-
ferent materials and a wide range of fatigue loading variables:

AKeff/AK =1 - KO/KmaX (4-3)

where K, is a material constant. Eg. (4-3) is based on crack closure data
obtained using the stereoimaging technique which enables high resolution mea-
surements to be made local to the crack-tip (see Section 7.1). This technique
allows the determination of the load required to fully open the crack, to
~ithin a fraction of a micron from its tip. Nevertheless, when remote tech-
niques are used to measure the opening load, such as changes ir specimen
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compliance, a similar relationship is also found. However, the 1latter
techniques often detect less closure, primarily due to their lack of precision
with regard to events close to the crack-tip.

Combining Eqs. (4-1) and (4-3), along with the basic definition aK =
(1 - R)Kpaxs 9ives:

8Ky = Ko(1 - R) (4-4)

It is significant to note that the above observation appears to hold for large
cracks subjected to a wide range of applied aK (or Kmax) and R values. It
should also be noted that for the special case of R = 0 (and Ky, = 0), Eq (4-
4) reduces to:

K. =K (4-5)
The above relationship is consistent with observations on a variety of

materials that KO
Ref. [4.9].

p is relatively constant for R near zero; for example, see

Although crack closure measurements were not obtained for large crack in
the current study, available Tliterature data of Soniak and Remy on necklace
Astroloy at 20°C and 650°C [4.10] have been analyzed using Egs. (4-3) and (4-
4). These results, summarized in Figure 4-13, indicate relatively good agree-
ment with the above equations, although considerable scatter is evident in the
elevated temperature data.

‘The data in Figure 4-13 show measurably less crack ciosure (higher
Mepp/0K values) at 650°C than at 25°C. This result is consistent with the
crack growth rates measured in the present study, as well as with the fracto-
yraphy in Ni-base alloys which shows noticeably flatter surfaces at the
elevated temperature (See Section 6.3). The latter observation supports the
previous hypothesis of Hicks et al [4.11] that crack closure in these alloys
is controlled by fracture surface roughness. Thus, the observed temperature
dependence of the long crack growth rates appears to be due to differences in
the effective driving force for crack growth, as well as to expected differ-
ences in the intrinsic resistance to fatique crack growth.
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The intercepts along the abscissa in Figure 4-13 correspond to 8Ke

values of 4-6 MPasm at 25°C and 3-5 MPasym at 650°C. These results are dis-
cussed further in Section 7, where they are compared with crack closure mea-

surements on small cracks.
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5.0 GROWTH OF SMALL CRACKS AS A FUNCTION OF aK

This section compares small crack data obtained using naturally ini-
tiated surface cracks in three-point bend specimens with the large crack data
of Section 4. These results are also compared with the additional small crack
data from Section 7 which were obtained in the scanning electron microscope.
This initial comparison is made within the framework of linear elastic
fracture mechanics, although it is recognized that this approach may be
inadequate for small cracks. Nevertheless, it does provide a convenient basis
for initial comparison of the influence of material, environmental and loading
variables in a fo.mat which is consistent with most other small crack
studies. The development and evaluation of a more appropriate driving force
for the growth of small cracks is presented in Sections 7 and 8. Since the
success of any small crack study is dependent on the experimental techniques
employed, particularly at elevated temperature, these techniques are discussed
below prior to presenting the experimental results.

5.1 Small Crack Experimental Procedure

Data on the growth of small cracks at both room temperature and elevated
temperature were obtained using 10x10x70 mm specimens loaded in three point
bending as shown in Figure 5-1. These specimens were prepared using low-
stress machining. In addition, to eliminate residual stresses which may have
remained after machining, the gage section was electropolished in a solution
of 25 percent nitric acid in methanol at -30°C. Typically a 130 um-thick
layer of material was removed during electropolishing. Induction heating was
used to conduct the elevated temperature testing. To accommodate the
induction heating both the upper and lower bend fixtures were water cooled.
Contact between the upper fixture and the specimen was achieved using a
ceramic tup in order to eliminate localized induced heating in this region of
the specimen. The configuration of the induction heating coils was also
optimized to minimize temperature gradients in the central region of the
specimen. Thermal transients arising from room air currents were minimized by
placing a plexiglass box around the center of the test machine as shown in
Figqure 5-1. With this system, the temperature in the region of the specimen
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Overview of test system and induction heater.

(b) Close-up of specimen and loading
fixtures.
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containing the small cracks was constant to within #3°C as indicated by
results in Figure 5-2 from thermocouple measurements obtained for a prescribed
temperature of 650°C.

A1l cracks were naturally initiated from the electropolished surface of
the specimen. Generally two or three independent cracks occurred and were
monitored using surface replication at intervals of 10,000 to 20,000 cycles.
Replicas were subsequently coated with vapor-deposited silver and crack
lengths were measured using a light microscope at magnifications of 200X to
1000X. Although this technique involved periodic interruption of the experi-
ment, and cooling in the case of the elevated temperature experiments, this
inconvenience was outweighed by the fact that reliable data were obtained on
multiple cracks as small as 12 um in length. The detection of the smallest
cracks was possible due to the fact that 1larger, more readily detectable
cracks could be easily found and back-tracked on previous replicas. The fact
that cracks naturally initiated at either voids or persistent slip bands in
favorably oriented grains enabled interactions between these microstructural
features and the growth of smail cracks to be studied.

The above specimen geometry and loading mode proved to have the folliow-
ing advantages for small crack testing: First, due to the stress gradient in
the bend specimen, cracks initiated at the surface, rather than at subsurface
pores and inclusions; whereas, subsurface crack initiation is often a problem
in tensile loading. Secondly, the localization of the maximum bending moment
at the center of the specimen in 3-point bending facilitated the detection and
monitoring of microscopic cracks by limiting the area over which cracks ini-
tiated. Finally, the simplicity of specimen design and fixturing is both
economical and promoted efficient heating and cooling during elevated tempera-
ture experiments. The major disadvantage of the technique was the fact that
the average crack initiation lives were longer than those which would be ex-
pected under tensile loading. This difference is believed to be partly
statistical -- that is, due to the fact that less volume of highly stressed
material occurs in the bend specimer, thereby rewucing the probability of
encountering favorable initiation sites in the region of highest stress. In
addition, at high applied stresses contained plastic deformation near the
surface of the bend specimen caused compressive stresses to be generated which
reduced the local mean stress and tensile stress range as discussed below.
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front surface

} numbers indicate temperature in °C
back surface

Figure 5-2. Temperature profile in induction-heated bend
specimen at 650°C.




5.2 Stress Intensity Factor for Small Surface Cracks in Bending

The following simplified stress intensity factor expression, derived
from Pickard's [5.1] three-dimensional finite element analyses of surface
cracks in rectangular bars, was used to anmalyze the growth of small cracks in
the bend bar experiments:

oK = 1.155 (1 - 0.5(a/W)} {Spay(1- R)/(1- R )} /na (5.1)

where: AK the stress intensity factor range, at the position where the
crack intersects the specimen surface

a = the half-crack length (or crack depth for the case of
a semicircular crack)

W = the half-height of the specimen

Smax = the maximum "outer-fiber" stress computed for three-point
bending

R = tie stress ratio, given by the ratio of the applied minimum
to maximum load

R = the local stress ratio during fatique loading, given by the
ratio of local minimum to maximum stress. (As discussed below,
this ratio can differ from R)

]

The relative simplicity of Eq. (5.1) compared to the general solution given in
Ref. [5.1] arises from the fact in the current experiments the relative crack
length was always less than | mm, thus a/W < 0.2, and the crack aspect ratio
(a/c) was approximately equal to one. Under these conditions Eq. (5.1) re-
presents the original finite element results to within 0.5 percent.

The assumption that the crack remained semicircular (a/c = 1) as it grew
was assessed by post-mortem examination of the fracture surfaces. The deter-
mination of the crack shape was relatively easy for experiments conducted at
elevated temperature since the fracture surfaces exhibited a color gradient
due to differences in oxide thickness. Results from these microscopic
examinations are summarized in Figure 5-3. Although considerable scatter in
the aspect ratio is evident, no consistent trend emerged with respect to alloy
composition or test temperaturz, indicating that the nominal crack shape is
controlled by specimen geometry and Toading mode. Most importantly, the
average aspect ratio is consistent with the assumed crack shape used in the
analysis.
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A1l experiments were conducted such that the bend specimen was nominally
elastic. However, due to the stress gradient in the specimen, localized
plastic deformation sometimes occurred in the surface region of the specimen
where cracks initiated and grew. (This behavior is analogous to the localized
deformation which can occur in notched geometries.) The primary result of
this contained plasticity at the surface of the specimen was an alteration in
the local mean stress.

The above process was quantified using strain gage measurements on an
uncracked CG Astroloy specimen cycled at different load (strain) ranges. As
shown in Figure 5-4, the local stress ratio (Ro) decreased and became negative
as the applied strain range increased. The values of R0 in the CG Astroloy
bend specimen were computed from the measured strains using the monotonic and
stable cyclic stress-strain relations provided in Section 3. Since informa-
tion on cyclic stress relaxation could not be included in these computations,
they provide an upper-bound estimate of the local stress ratio in the bend
specimen. The additional influence of cyclic stress relaxaticn on the local
mean stress can be estimated from the measurements of Lindholm et al [5.2],
obtained on the superalloy B1900+Hf tested under cyclic strain-control. Since
uniaxial tensile specimens were used in this study, the mean stress could be
measured directly. The difference between these results and those obtained
for the bend bar is primarily due to cyclic stress relaxation. It is in-
teresting to note that the measured resuits are in good agreement with values
computed from the Bodner-Partom constitutive relations and show a limiting
case of fuliy-reversed cycling (R0 = -1).

The results in Figure 5-4 including relaxation were assumed to apply to
all of the Ni-base superalloys examined in the current program, This
assumption is consistent with the fact that the extent of mean stress relaxa-
tion is known to primarily depend on the magnitude of the cyclic plastic
strain range for a given class of materials [5.3]. The value of strain ex-
perienced in the bend bars for various materials and temperatures was assumed
to scale with material strength level as shown in Figure 5-5. Thus, for a
given applied normalized stress S = Smax/sys’ the strain was obtained from
Figure 5-5, and the corresponding local mean stress from Figure 5-4. Since
the crack is not expected to grow while the local stress is compressive, the
local stress ratio was used to eliminate the local compressive stress from the
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computation of aK by reducing the applied stress by the factor 1/(1- R ), as
a
indicated in Eg. 5.1.

5.3 Effect of Elastic Anisotropy and Mixed Mode Loading on the Stress
Intensity Factor for Small Cracks

As shown in Section 6, the crystallographic nature of the cracking en-
countered in small cracks causes cracks to be inclined at an angle § with
respect to the remote loading direction -- for example, see Table 6-1. This
inclined crystallographic crack growth introduces mixed-mode, anisotropic
effects which need to be considered in analyzing small crack data. The effect
of these factors on the stress intensity factcr for small cracks was assessed
based on anisotropic finite element (FE) analyses conducted by RR under the
present program (see Appendix), as well as the anisotropic boundary-integral-
equation (BIE) results of Chan and Cruse [5.4].

The two dimensional BIE results of Chan and Cruse [5.4] on Mar-M200
single crystal compact specimens are shown in Figure 5-6. Here the normalized
stress intensity factor is given as a function of the projected relative crack
size, where: a' is the projected crack length, b is the specimen thickness, W
is the effective specimen width, and P is the applied load. The similarity of
results for normal cracks (8 = 0°)* with two crystallographic orientations
(x = 0’ and 45°) indicates that the effect of elastic anisotropy on the stress
intensity factor is insignificant. This conclusion is also supported by the
fact that these results were found to be in excellent agreement with the
elastic isotropic results recommended by ASTM for the compact specimen
geometry [5.5]. In addition, as shown in Figure 5-6, results for cracks at
various inclined crack angles 8 were also found to be similar for small values
of 8 and small relative projected crack sizes. These resuits suggest that
elastic anisotropic effects can be ignored for conditions encounterec in the
present study and that mixed mode effects can be approximated by empioying the
projected crack length to compute the dominant Mode [ stress intensity factor
using Eq. 5.1.

Based on the results of Chan and Cruse [5.4], and the currently observed
crack growth inclinations, it is estimated that the stress intensity factor

* Note that B in Figure 5-6 and @ in Table 6-1 are related as fallows:
B=06-290.
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for Mode Il will always be less than the 35 percent of tne Mode I value.
Since the overall elastic driving force under mixed mode loading in single
crystals Ni-based alloys has been shown to be governed by the strain energy
release rate ([5.6-5.7}, which is proportional to AKIZ+AKIIZ, the Mode II
contribution will be less than 6 percent of the total elastic driving force.
This contribution has been neglected in analyzing the results from the current
study.

An obvious limitation of the above results is the fact that they are for
long-thru cracks in a specimen geometry which differs from those used in the
present study. Thus, the ultimate objective of the FE analyses conducted by
RR under the present program was to examine the importance of material
anisotropy for the three-dimensional case of surface cracks. The approach
taken was a systematic one which included both two-dimensional and three-
dimensional FE modeling of cracks in anisotropic bodies and of cracks in local
regions of anisotropy w'*hin an otherwise disotropic body. Computational
details of this approach are provided in the Appendix, while the results which
are significant to the analysis of small cracks are summarized below.

Results of the finite element analyses, for several different
anisotropic orientations, revealed an increase in the stress intensity factor
compared to the isotropic case. However, as shown in Figure 5-7, on average
these results differ by only 5 percent. This same figure shows that this
difference is small compared to the variation in stress intensity factor which
occcurs for various positions along the semicircular crack front, characterized
by the angle delta. Thus, the issue of elastic anisotropy is less important
than that of selecting the proper isotropic stress intensity factor along the
crack front to characterize the crack driving force. In the current study,
the value at the position where the crack intersects the specimen surface was
used. This value was found to provide the best overall agreement between
fatigue crack growth results from the largest surface cracks and from the long
thru cracks.

5.4 [Effect of Temperature on the Initiation and Early Growth of Microcracks

The initiation and early growth of microcracks at room temperature was
relatively easy to accomplish in the three-point bend specimens. For example,
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when the maximum (outer fiber) bending stress was about equal to the materiais
yield strength, microcracks of 15 to 20 um in total surface length were
obtained in about 10° cycles. The subsequent growth of these cracks was also
relatively easy to monitored since it occurred over 70 percent to 85 percent
of the total cyclic life of the specimen. However, the initiation and early
growth of microcracks at elevated temperature was considerably more difficult
to produce. As indicated by the S-N data in Figure 5-8, applied stresses had
to be increased by about 40 percent in order to produce cyclic Tlives
comparable to those experienced at room temperature.

In order to facilitate the acquisition of data at elevated temperature,
microcracks were in many cases initiated at room temperature before increasing
the temperature for the remainder of the experiment. However, even with this
procedure the growth of microcracks was erratic at elevated temperature in all
three materials examined. An example of this erratic behavior is given by the
CG Astroloy data summarized in Table 5-1. Fatigue precracking at room temper-
ature was conducted at S = 1.21 and R = 0.1 for 160,000 cycies to insure that
growing cracks were present. Although several cracks initiated under these
conditions, Table 5-1 only provides information on the dominant crack which
eventually caused the specimen to fail. This particular crack initiated from
a pore on the electropolished surface of the specimen. Shortly after the
temperature was fincreased from room temperature to 600°C, the crack arrested
and remained dormant for most of the remaining specimen life. During this
period the applied stress was gradually increased in steps. Following the
final increase to S = 1.45, the crack grew rapidly and resulted in specimen
failure in only 25,000 cycles. Similar behavior was also observed at higher
applied stresses, as shown in Figure 5-9. In this case, the crack initiated
in only 30,000 cycles due to the high stress (S = 1.8), but then remained
dormant for about 120,000 cycles before the growth rate increased several
orders of magnitude, resulting in failure of the specimen.

The above behavior made it difficult to monitor crack growth at 600°C
using the replication technique. This problem was eventually overcome after
numerous specimens were tested, thereby enabling the periods of initiation and
dormancy to be estimated. Using this experience, the replication interval was
reduced at the appropriate time so that adequate data could be obtained.

5-14
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The cyclic 1lives obtained using the three-point bend specimens
(Figure 5-8) are longer than those which one would expect in gas turbine
discs. This difference is believed to be due to differences in the crack
initiation 1lives between small laboratory specimens and actual components
which result from: 1) differences in surface finish, and 2) a statistical
size effect. As discussed in Refs. [5.8], actual components contain a variety
of manufacturing defects such as dents and scratches which often serve as
mechanical stresses concentrations for crack finitiation. Such defects are
generally not present in laboratory specimens -- for example, the specimens
used in the current study were polished both mechanically and
electrochemically. Furthermore, the relatively smail size and mode of loading
of the bend specimens resulted in a limited amount of highly stress material
being sampled. Thus, the probability of this highly stressed region
containing a void or other microstructural defect which would assist in the
nucleation of a crack was also relatively smail. Consequently, many of the
cracks in the small laboratory specimens initiated at persistent slip bands in
favorably oriented surface grains, rather than at material defects. The above
arguments are consistent with the data in Figure 5-10 which compares cyciic
lives of the three point bend specimens with those from much larger tensile
specimens containing simulated bolt holes [5.9]. Note that the Tives in the
latter case are significantly shorter. Interestingly, the apparent fatigue
limit in the bolt-hole specimen corresponds to the stress in the smooth
specimen which produced ndh-propagating cracks (NPC) which were the size of
one or two grains.

Although the precise mechanism responsible for the long periods of crack
dormancy, following crack initiation, at elevated temperature is not clearly
defined, several mechanisms can be postulated. Initially, the possibility of
a decrease in the effective crack driving force due to oxide-induced crack
closure [5.10, 5.11} was considered. However, the importance of this
mechanism was subseauentlv Aiscounted when the same erratic crack growth be-
havior occurred during experiments conducted in 10'5 torr vacuum at 600°C,
where oxidation was absent. The fractographic observations of Section 6 show
that the sharpness of the crystallographic facets decrease as temperature was
increased from 25°C to 600°C, thereby suggesting that multiple slip becomes
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eievatea temperature since the fracture surfaces exhibited a color gracient
due to differences in oxide thickness. Results from these microscopic
examinations are summarized in Figure 5-3. Although considerable scatter in
the aspect ratio is evident, no consistent trend emerged with respect to alloy
composition or test temperaturz, indicating that the nominal crack shape is
controlled by specimen geometry and loading mode. Most importantly, the
average aspect ratio is consistent with the assumed crack shape used in the

analysis.

5-5
MM

activated at the higher temperature. [t was also observed, through perijodic
replication, that the dormant cracks at 600°C exhibited a time-dependent in-
crease in the Mode [ crack opening displacements. The resulting crack-tip
blunting and stress relaxation which one would associate with this process is
consistent with the operation of multiple slip at elevated temperature.
Although details of this process remain sketchy, it would seem to be related
to the difficulty encountered in growing microcracks at elevated temperature.

5.5 Sources of Variability in Small Crack Growth Rates

One of the characteristics of small cracks is their large variability in
crack growth rates, relative to those which occur in long cracks. For ex-
ample, variability of a factor of ten, or more, is common in small cracks,
whereas for long cracks in the same growth rate regime a factor of two is
typical {5.12]. For beth practical and fundamental reason, it is of interest
to assess whether this difference arises from basic differences in the growth
mechanisms of large versus small cracks or from differences in the precision

of measurement used in each case.

In order to examine the above issue, as well as validate the small crack
measurement procedure used in the current study, a series of replicate experi-
ments was performed on CG Astroloy at room temperature. Information was
obtained on the specimen-to-specimen, lab-to-tab, and heat-to-heat variabil-
ity, as well as the influence of crack measurement interval and data analysis
procedure on the variability in small crack growth rates.

To examine the reproducibility of data from lab-to-lab several small
crack experiments were conducted at both SwRI and RR using the same test
procedure described in Section 5.1. As shown in Figure 5-11, there was no
discernable difference between results from the two laboratories, although the
variability in rates was in both cases about a factor of ten. Similar agree-
ment is found between the current RR data and those generated previously at RR
on a different heat of (G Astroloy [5.13], as indicated in Figure 5-12. For
comparisan, Figure 5-12 also gives the corresponding long crack data for these
same two heats of Astroloy. As discussed previously the long crack data
appear to be dependent on grain size, whereas the small crack data are re-
latively independent of grain size.
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As shown in Figure 5-13, the variability in growth rates from a single
small crack is equal to that exhibited by the entire data set consisting of 7
different cracks from three replicate specimens. Thus, the observed variabil-
ity in the small crack data is not due to a lack of reproducibility from
specimen-to-specimen. This characteristic variability is believed to be
primarily due to the incremental manner in which cracks grow and not to errors
in crack length measurement. For example, cracks often appear to stop growing
for tens of thousands of cycles, even when high resolution measurement
techniques are used. Estimating the precision of crack length measurement
with the current replication technique to be 1 um gives a growth rate during
these apparent dormant periods of less tkan 1¥1077 Gun/UyCiE,

A detailed analysis of this irregular growth was performed on three
specimens of CG Astroloy tested at 20°C in order to examine the potential role
of interactions between the growing crack and microstructural features.
Temporary crack arrests occurred, on average, each 95,0006 cycles and lasted
for 20,000 to 30,000 cycles. Results from one of the three specimens which
best illustrates the variety of interactions which can occur are shown in
Fiqure 5-14. As indicated, although arrests were sometimes observed at either
grain boundaries or triple points, this was not always the case. In fact,
arrests only appeared to be associated with such interactions about 25 percent
of the time. The present observuations also showed that whether or not the
crack changed crystallographic plane as it crossed the grain boundary had no
bearing on the ability of the grain boundary to arrest the crack. Thus,
contrary to what one might expect, the relative misorientation of adjacent
grains does not appear to influence the ability of a grain boundary to arrest
a small crack. The frequency .+ith which grain boundary arrests were observed
in CG Astroloy is in good agreement with recent observations at Rockwell
[5.14] on Waspaloy, Figure 5-15. Interestingly, the Rockwell data show that
grain boundary arrects occur more frequently as the grain size decreases.
This factor may have contributed to the difficulties encountered in obtaining
small crack data in FG Astroloy.

An obvious limitation of the above analysis is the fact that observa-
tions were restricted to cr:ck growth within the surface grains. If a
stronger correlation between temporary crack arrests and grain boundaries
exists it would have to involve interdactions among adjacent grains. [n this
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way arrest at a grain boundary below the surface might influence what was
observed at the surface, therehy accounting for the najority of cCases wien
arrests at the surface appeared not to be associated with a grain boundary

As one might expect, the data variability can be reduced by averaging
crack growth rates over larger intervals of cycles (or crack length) as shown
in Figure 5-16. Interestingly, using larger interval to analyze the data
produces variability which is comparable to that obtained on large cracks in
this growth rate regime. This observation, combined with the fact that large
cracks exhibit this same irregular growth when observed at high resolution
(5.15], suggests that the observed difference in the variability of crack
growth rates between large and small cracks is due primarily to differences in
the precision of measurement. Thus, it would also appear that the basic
mechanism of crack extension is the same for both large and small cracks
thereby supporting the view that the small crack effect is due to differences
in the mechanical driving force for long ard small cracks.

The possible influence of periodic test interruptions and surface
repltication on the the growth of small cracks was also examined by varying the
sampling interval between 10,000 and 50,000 cycles. However, so as not to
confound the interpretation of these results by the above mentioned influence
of crack growth increment, all results were compared using data analyzed with
a common cycle interval of 50,000 cycles. As shown in Figure 5-17, the
frequency of test interruption and measurement had little influence on the
measured growth rates. The largest deviation in rates was about a factor of
two and occurred at the highest aK values examined. The source of this dif-
ference in rates is not currently understood. However, if the deviation is
due to the interruption of cycling (rather than to the replication process
itself) the slower rates should be typical of those which occur in actual
discs since these are also subjected to periodic unloadings during service.

5.6 Small Versus Long Crack Growth Rates as a Function of Material,
Environment, Temperature and Loading Variables

Fatigue crack growth rates for small and long crdacks, expressed as a
function of .k, are compared in Figures 5-18 thru 5-24 for several applied
stress levels, environments, test temperatures, and material conditions. In

reariy all cdases, the classical small crack effect was observed -- that is,



da/dN mm/cycle

10-4 T ' T '

P= -
: Minimum Crack Growth Increment )
- -

g 1-2 um

e 2-5um

¢ 50 um
10-5¢ e
C 3
P 9
- -4
8 4

e
10-6 - p
. ;
- 3
B 1
o
e ° ° -
10-7 - g o a a -
6 8 10 15 20
AK MPa’m

Figure 5-16. Effect of crack growth increment on
computed growth rates for small
cracks.



TSRIBUD {{PWS JO SIBJ
yIMoub 3yl U0 u0(1dnALAUL 1S3} JO/pue Juawaanseaw yo Aduanbasy 30 3duaNyu]  L1-G aunbit4

WADW NV

oh 0z 0T 8 9 b 4

13 T T T 1 1 T T T oaloﬁ
. O -
] Py i
- /o) ]
3 O v ot m_ o1

O @ .O‘ O 6-
) o i
= 0o % “ g
- &50 1 0T = HY gr-44 O -
- «w (T-48 O -
- ® -4 = mm-S
- MO ="V | 0g-49 W

i 62-49 @
! 3305 )
- CT0=Y¥  AOloNISY 9)
- ! L | R T T A B 1 i - N-OH

2[JAJ/W “NP/DP



da/dN, mm/cycle

104

[y
o
'

0]}

S CG Astroloy at 25°C
4 t+ 1.6
i o141
] @ 08
- +
; on
. Ofg — Lg/Air
5 o + 008 Sm/Air
1 O Sm/Vac
LI 4 L L LI S r L L L] T T 1T 1%
100 101 102
AK, MPavm
Figure 5-18. Comparison of large and small crack data in

CG Astroloy at 25°C for various relative
applied stress levels and environments.



1073
CG Astroloy at 600°C g
s
1074 :
2 o 13
[T a
> -
g10°4 s 18
£
£
3 -6
% 10
a
u -
1077 < . Lg/Alr
+ O a8 Sm/Air
*o + Sm/Vac
1078 4 - S ——r—rrrr
100 10 102
AK, MPavm
Figure 5-19. Comparison of large and small crack growth rate

data in CG Astroloy at 600°C for various relative
applied stress levels and environments.



da/dN, mm/cycle

10793 ,
] Waspaloy at 600°C
0t4 s
8 1.5
-5 g 1.7
10 ~
1 o 18 ':Fnu 3
: .| ]
1076 4 Sy
5 e
07 ® Lg/Air
3 : + Lg/Vac
; S 8 0O@ Sm/Air
1078 S —— — :
100 101 102
AK, MPavm

Figure 5-20. Comparison of large and small crack growth rate
data in Waspaloy at 600°C for various relative
applied stress levels and environments.




da/dN, mm/cycle

8 CG Astroloy: d=30um ///
& Waspaloy: d=42um / g
/‘943’
600°C B,a’-/?
Lg Cracks,
Both Alloys
, — r.
109 102

AK, MPavm

Figure 5-21. Effect of alloy composition on the crack growth
ratas in both small and large cracks at 600°C.




—
o
'

w

1074
@
S
9107
£
=
§ 1076
1+
1077
1078

FG Astroloy at 200°C

100

L L LELERLEA ' ¥ L L 4 L L] L o

101
AK, MPavm

Figure 5-22. Comparison of large (@) and "small"
(3, a = 215-1000 um) crack growth
rates in FG Astroloy at 200°C.




da/dN, mm/cycle

o
W

i FG Astroloy at 600°C
10-4 'g [ ]
3
1()-5 3 =
: a
-6
107° 5 o
] @
-7 3 i a = Lg
107 3 O Sm
10-8 Ll R ) L Lg L ' I 1 L B L g Ty ¥
100 101 102
AK, MPavm

Figure 5-23. Compcrison of large and small crack growth
rates in FG Astroloy at 600°C.

Py




da/dN, mm/cycle

1073 ~
CG Astroloy
4 S=1.5-1.8

10 R=0.1
1079

a %‘A

A ’

106 Aﬁ'

:JIE

-y ---- @ 600°C
1077 g L — © 200°C
; —— & 23°C
1 0-8 r L 2 LB LR T ¥ 0y r L4 v L] +. 0 v ¥ ¥
100 10] 102
AK, MPaVm

Figure 5-24. Effect of temperature on the growth rates of

small (symbols) and large (lines) cracks in
CG A_troloy.



small cracks exhibited faster rates than did large cracks, at a given aK

value, and grew at AK values below the long crack threshold stress intensity,

Kep-

5.6.1 Effect of Applied Stress Level

Figure 5-18 and Figures 5-19 and 5-20 show the influence of
applied stress on the kinetics of small crack growth at temperatures of 25°C
and 600°C, respectively. The applied stress level in these figures is
expressed in terms of the relative stress, S, defined as the ratio of the
applied stress to material yield strength (Smax/sys)' The CG Astroloy data at
25°C in Figure 5-18 shows that S values of 0.8 and 1.1 give similar results,
while growth rates at S = 1.6 are significantly faster, at a given value
of 4K. On the other hand, as shown in Figures 5-19 and 5-20, growth rates in
both CG Astroloy and Waspaloy at 600°C are relatively insensitive to S for
values ranging from 1.5 to 1.8. Elevated temperature data are not available
at lower S values due to the difficulty in initiating and growing cracks at
600°C, while data at higher S values were not obtained since S = 1.8 was the
1imit for global elastic response of the bend specimens. I[f data were
available over a wider range of S values at 600°C, results similar to those
obtained at room temperature would be expected.

The above resulits suggests that the influence of S on small crack
growth kinetics is small at low S values, larger at intermediate S values, and
saturates at higher S values. The latter behavior is consistent with the
alteration of the local stress state due to localized yielding at the surface
of the bend spec‘men as described in Section 5.2. This localized yieiding
causes an increase in S to be counteracted by a decrease in the local mean
stress (Figure 5-4) and concomitant decrease in the local stress range which
is effective in opening the crack.

[t is significant to point out that the dependence of the small
crack growth kinetics on applied stress level suggests that aK provides an
inadequate characterization of the mechanical driving force for small
cracks. This occurs in spite of the fact that the overall specimen response
is elastic and is presumably due to the fact that the small scale yielding
requirement, of linear-elastic fracture mecharics also requires that the extent
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of plasticity be small compared to the crack size -- a condition whicn is
violated in most small crack experiments, as discussed in greater detail in
Section 7.

5.6.2 Etffect of Enviromment

Figures 5-18 and 5-19 alsc provide a comparison of small crack
data obtained in two different environgsents -- vacuum versus air. The air
data were obtained using the three-point bend specimen described in Section
5.1, while the vacuum data were obtained using the single edge notch specimen
described in Section 7.1. No measurable difference in rates were observed.
This fact is believed to be due the relatively high cyclic frequency of 10 Hz
which was employed, thereby precluding any significant interaction with the
environment, even at 600°C. This interpretation is consistent with the fact
that rno significant difference was observed between the growth rate of long
cracks in air and vacuum tests, below 1X10'4 mm/cycle (Section 4). At higher
growth rates, the long crack data obtained in air are about a factor of two
faster than the vacuum data.

5.6.3 Effect of Material Variables

Figure 5-21 compares small and large crack data from CG Astroloy
and Waspaloy at 600°C. The long crack data for both alloys fall within a re-
latively narrow scatter band. However, if one were to carefully examine these
long crack results, a small difference between the two alloys actually cccurs
which is consistent with the influence of grain size which was discussed
previously in Section 4. In contrast, no measurable difference was observed
between the small crack results in the two alloys at 600°C. This observation
is consistent with the room temperature results of Brown et al {5.13] on these
same alloys which showed small crack results to be relatively insensitive to
grain size, as well as y- morphology.

Results on FG Astroloy at 200°C, Figure 5-22, show good agreement
hetween the small surface crack data and long crack data. The lack of the
crack size effect in this case is likely due to the fact that the surface
crack length (2a = 430 to 2000 um) was always significantly larger than the
12 um grain size of this material. This conclusion is in agreement with the
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room temperature data of Brown et al [5.13] which showed that a small crack
effect in FG Astroloy of this same grain size was limited to cracks which were
smaller than about 300 um.

As shown in Figure 5-23, results on FG Astroloy at 600°C also did
not exhibit the classical small crack effect. Only tne smallest crack sizes,
corresponding to the lowest aK values, exhibited rates which were faster than
the long crack data. Curiously, as the surface crack enlarged the rates de-
creased below those of the long-thru cracks, instead of merging with the long
crack data. This difference in rates is not likely to be due to the differ-
ence in environment in view of the similarity in rates observed in air versus
vacuum in CG Astroloy at 600°C, Figure 5-19. The overall trend in the above
results is remarkably similar to the room temperature results of Lankford et
al [5.16] on PM alloy IN-100 having a grain size of 3 to 7 um. However, the
current results appear to be inconsistent with the room temperature data of
Brown et al [5.13] which showed FG Astroloy to exhibit rates which were com-
parable to those in CG Astroloy, both of which were significantly faster than
the long crack rates. Obviously, additional experiments are needed to resolve
this dicotomy in the small crack data in fine grained material. Unforiun-
ately, these data are extremely difficult to acquire due to the small crack
sizes involved and the difficulty in initiating cracks in fine grained mate-
rials.

5.6.4 Effect of Temperature

Figure 5-24 summarizes the effect of temperature on the growth of
small and large cracks in CG Astroloy. At room temperature, only small crack
results at S = 1.6 are included so as not to confound the comparison with the
previously discussed effect of applied stress level. As one might expect, the
large crack growth rates increase with increasing temperature over most of
the aK regime. The major exception to this trend occurs in the near-threshold
reaime where the 600°C data cross-over the 200°C data and consequently ex-
hibits a higher aKy, value. This cross-over of the near-threshold growth
rates with increasing temperature is consistent with recent observations in
other Ni-base superalloys [5.17, 5.18]. At 1low &K values, the small crack
growth rates do not exhibit a clear trend with respect to temperature. How-
~ever, as the small cracks enlarge, they merge with the lonq crack data and
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The complexity of the temperature dependence for both long and
small cracks is believed to be related to changes in the character of the de-
formation with increasing temperature. Specifically, as indicated in Section
6.3, the change in fracture surfaces for both small and long cracks from those
having highly angular facets to those which are smoother and flatter suggests
that s1ip becomes more homogeneous with increasing temperature. These results
appear to be consistent with observations made during low cycle fatigue of Ni-
base alloys which shown the deformation to become more homogeneous at elevated
temperature, presumably due to the thermal activation of cross-slip and climb,
particularly for materials with coarse grains and fine precipitates [5.19 -
5.22]. Thus, although slip is still predominantly nlanar, it can anparently
cceur on intersecting <l11> planes to produce a wavy appearance. These pro-
cesses are also consistent with the observed time-dependent deformation of
small cracks which arrested at £00°C after growing through the first few
grains (Section 5.4).

Although the above explanation of the complex temperature
dependence of crack growth in these alloys is plausible, certain details of
the deformation mechanism attending crack growth remain unclear. For example,
as shown in Section 7, the deformation fields at small cracks are relatively
homogeneous at all temperatures, thus the relation between the crystallo-
graphic nature of the crack path and the near-tip deformation field is not
fundamentally understood.

In spite of this incomplete mechanistic understanding, the
current results clearly demonstrate that the small crack effect is not just a
low temperature phenomenon, thus it can be of potential practical importance
to l1ife prediction in aeroengine components. This issue is examined in
Section 9.
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6.0 MECHANISMS OF SMALL CRACK INITIATION AND GROWTH

This section presents information on the basic mechanisms of fatigue
crack initfation and growth in the Ni-base alloys examined in this study.
Results are summarized in three parts: First the role of pre-existing pores
and persistent slip bands on the initiation and early growth of small cracks
is considered. Next, the orientation relationship between these cracks and
the underlying crystailography within individual grains is determined. These
results not only serve to elucidate the initiation process, but also provide
information essential to understanding subsequent growth of small cracks since
the displacement modes experienced by these cracks are controlled by their
orientation within the crystaliites. Finally, the morphology of the fracture
surfaces are examined as a function of the primary material, loading and en-
vironmental variables studied in this program. This information proved to be
particularly useful in understanding the similarities and differences in the
growth mechanisms of small and long cracks, as well as the complex temperature
dependence of their growth rates.

6.1 The Roles of Pores and Persistent Slip Bands In Crack Initiation and
Early Growth

Many of our basic concepts of fatigue crack initiation and early growth
of microcracks have come from mechanistic studies of model system, such as
single crystals of copper or iron-silicon -- for example, see Refs. [6.1 thru
6.4]. These basic studies have emphasized the role of persistent slip bands
and the subsequent formation of surface intrusions and extrusions in
nucleating cracks. The primary objective of this portion of the current work
was to assess whether or not this crack initiation mechanism is appiicable to
Ni-based superalloys. Although this effort concentrated on (G Astroloy at
room temperature, general features of the observations are believed to be
applicable to FG Astroloy and Waspaloy.

The experimental procedures were the same as those usec to Ltury tae
loca! derormation at microcracks (Section 7.1), with one important modifica-
tion. Namely, replication was not used during the current experiments so as

not to damage the axtrusions, since these features are known to be fragile



loading to about 80 percent of its expected fatigue 1ife, then observed
directly within the SEM at various tilt angles.

In 211 cases, fatigue cracks were found to initiate within persistent
s1ip band, occasionally these tands were formed at surface pores. Observation
from eight cracks may be classified into 5 categories, each illustrated by a
figure, as follows:

1. Pore initiated crack showing no extrusions or debris. A low magnifica-
tion view of two fatigue cracks that initiated at adjacent pores and
Tinked together through subsequent growth is shown in Figure 6-1(a),
while Figure 6-1(b) shows a detail of a crack traversing a pore. The
cubic shape of y--precipitates at the bottom of the pore suggests that
the crack plane is of the <l11> type.

2. Pore initiated crack showing debris or tonque-like extrusions and Mode
III displacements. A lower magnification view is shown in Figure 6-2(a)
at a lower tilt angle, while Figure 6-2(b) is a higher magnification
view at a higher tilt angle. The figure shows debris, or extrusions,
coming from the corner of the pore and from a small crack nearby.
Evidently, the small crack showing the more profuse and continuous
extrusions initiated, but did not grow. In contirast, the larger crack
evidences debris, less continuous in nature than at the small crack, at

isolated locations along its length,

3. Slip band initiated cracks showing Mode IiI opening but no debris or
extrusions. A low magnification view of the whole crack is shown in

Figure 6-3(a). The direction of the loading axis is unknown for this
crack, observations from similar cracks showed that they were usually at
an angle of 40-55° to the loading axis (see Section 6.2). The white
ocbject projecting above the surface on the figure may aiso be seen on
the left side of Figure 6-3(b) which is a view looking down the crack
from a grazing angle to the surface. Note that this crack is open,
similar to the cracks shown in Figures 6-1 and 6-2, and that some
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FIGURE

6-1.

Fatique crack initiation at surface pores in CG Astroloy
showing (a) an overview of the crack with some debris
along the lower part of the crack, and (b) a higher mag-
nification view of one of the initiation sites.



FIGURE 6-2.

(a)

Two views of fatigue crack initiation at a surface pare
showing debris at the corner of the pore and along the
crack further away. The tilt of (a) i< lower than (b)),
which shows better the somewhat "tongue-Tike" nature of
the debris. HNote the large amount of debris extruded
from the very small crack adjacent to the main crack.
ihis crack apparently initiated but did not grow,



FIGURE 6-3.

(a)

Fatigue crack initiated within a grain, alorg a slip
band: (a) is an overall view of the crack showing
no debris, and (b) is a grazing angle view showing
Mode III displacements.



S1ip band initiated crack showing Mode III, and having associated
debris. An overall view of the crack s shown in Figure 6-4(a). The
initiation site was along one of the s1ip bands evident in the one grain

showing extensive slip. A higher magnification view of this region is
shown in Figure 6-4(b), which shows the crack crossing two boundaries.
At one boundary, the crack continued across the adjacent grain in the
same direction, but finally changed direction drastically, continuing
along the grain boundary. The other end of the crack also changed
direction radically, but debris accompanied this part of the crack and
nearly obscured the crack path over a short region. This debris does
not have the nature of organized extrusions, which have also been termed
"tongues" such as shown accompanying the small crack in Figure 6-2.
Presumably the debris generated by this crack resulted from the change
in direction of the crack, which caused crack face rubbing. The
Mode III opening of the crack is likely to have e ected this debris from
within the crack.

Figure 6-5 shows the relationship between the slip lines and the y -
precipitates. These precipitates are cube-shaped, with sides of the
cube 1lying along {100}; thus the square shapes of the precipitates
indicate that the surface of observation is on or near the [100}. Slip
Tines cut across these precipitates on the diagonal, indicating slip on
{111} which are inclined to the surface at an angle of approximately
35 degrees. Slip could be along either of the two <110> Burgers vectors
lying on the {111} and inclined to the surface at 45 degrees, or the
third <110> Burgers vector in the plane of the surface. The topography
of the surface shown in Figure 6-5, which was also confirmed by stereo-
photographs, indicates that at Jeast part of the slip was out of the
plane of the surface. Therefore, some Mode III displacements very
1ikely accompanied the crack of Figure 6-4.

Slip initiated cracking accompanied by tonque-like extrusions. The only

crack clearly having the same type cf extrusions as those reported in
single crystals is shown in Figure 6-6. Photographs (a) thru (c) are
shown at progressively larger amounts of tilt, each of which more




FIGURE

6-4.

20um  (a)

5 p nand initiated fatique crack showing the lack of
dehris in tre region of initiation. The limited debris
s associated with the irregular path of the crack
forme1 dn traversing one of the grain boundaries.
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Relationship between the v -precipitate structure and stip
lines showing that slip is of <l11> type and is likely tc
result in both in-plane and out-of-plane displacements.
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FIGURE 6-6.

Three views of a s!'ip band initiated fatique crdack showing
extrusions having tongue-like shapes. These micrographs
were made at a decreasing angle of incidence, with (c)

being at a grazing angle to the surface. This crack appears
to have initiated within a single grain at the intersection
of two slip systems and shows little evidence for Mode III
dispiacements.



Figures 6-4 and 6-5. This is believed to be partly due to the tilt used
in the photographs and partly due to ths fact that the surface plane of
the specimen does not appear to be a low index plane, as determined from
the shape of the precipitates. The grain in which this crack initiated
extends from the line of blocky y--precipitates in the left-center of
Figure 6-6(a) to the line of blocky y--precipitates very near the top of
the photograph. Two different slip systems are evident within this
grain, one near the lower left boundary, which has resulted in the slip
iines pointing vertically in the photograph, and the other running
approximately parallel to the crack plane at the upper right of the
figure. The crack appears to have formed approximately at the inter-
section of these two slip systems. Although one might expect this in-
tersection to be a twin boundary, the shapes of the precipitate
particles do not support this expectation. If this were the case, it
would parallel the observation of Neumann [6.4], who found cracks in
single crystals of copper growing in twin boundaries which were accom-
panied by tongue-like extrusions.

In conclusion, it has been shown that fatigue cracks in CG Astroloy
start due to slip initiated, either in favorably oriented grains, or at sur-
face pores. For cracks initiated within grains, slip on {111} crystalio-
graphic planes probably occurs along several <110> directions simultaneously,
causing both in-plane and out-of-plane displacements. Under some circum-
stances, this can cause the appearance of extrusions of material having a
tongue-1ike morphology, but such extrusions are by no means necessary for
crack formation. Debris may also be extruded from small cracks at or near
initiation sites, but this debris is a consequence of crack formation rather
than the cause of it. Oebris apparentiy occurs due to crack face rubbing,
probably accompanied by Mode III displacements. Tongues may be considered
Jjust another form of debris, or they may be caused by some more organized
mechanism, such as has been detailed by Neumann [6.4].

6.2 The Crystallography of Microcrack Initiation and Growth

The primary objective of this portion of the work was to examine the

orientation relationship between microcracks and the underlying crystalloc-
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channeling technique [6.5] was used to determine this information. The test
rrocedure was similar to that given in Section 7.1. However, just prior to
commencing the electron channeling work, the specimen was given an additional
brief electropolish to remove any oxide which might have formed during the
experiment; the material removed by this process was insufficient to destroy
the cracked grains. Since the average grain size of this material was 30 um
and the spot size used for making selected area electron channeling patterns
(SACP) was 15 um, information was obtained from within individual grains. The
fact that SACP could be measured meant that the dislocation density in the
cracked grains was below about 107/sq. cm. Previous estimates have shown that
this dislocation density corresponds to a cumulative strain on the surface of
no greater than about 10 percent [6.6]. Naturally, the localized strain
within the slip band is expected to be much higher.

[t was possible to obtain SACP of sufficient clarity to determine the
orientation of 10 grains containing cracks. A summary of the orientations of
the grain normals is shown in the stereographic triangle of Figure 6-7. This
figure also shows a face centered cubic channeling map (made from a copper
single crystal) which was used for orienting the SACP from Astroloy. Orienta-
tions of surface normals of grains forming cracks were grouped near <l00>,
<001> and <113>.

By knowing the angular rotation between the SEM micrograph of the
cracked grain, the orientation of the SACP, and the geometric relationship of
the crack to the loading axis, it was possible to derive relationships between
the crack plane, loading axis, grain surface normal and slip direction.
Definitions of these angular relations are shown in Figure 6-8. The associated
angles derived for each of the oriented grains are given in Table 6-1, with
examples shown in Figures 6-9 and 6-10. The grain shown in Figure 6-9 was
chosen as an example because the crack initiated at the pore, seen as a black
hole in the backscattered electron image of Figure 6-9(a). As shown in
Figure 6-9(c), the orientation of that grain is near the <110>. The remainder
of the angular relations are shown in Figure 6-9(d). The other mode of crack
initiation, that caused by slip band formation within a grain, is illustrated
in Figure 6-10. Note that in both illustrations, one of the slip directions
was always within 40 degrees of the surface normal, indicating that Mode I[II
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FIGURE 6-7.

Electron channeling map showing orientations of the surface
normal directions for those grains which initiated cracks.
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FIGURE 6-8.

Definition of geometric relations between:
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plane

loading direction
crack direction
surface normal
crack plane normal
crack plane tangent
slip direction
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FIGURE 6-9.

Determination of crack growth plane and slip direction by
selected area electron channeling. (a) backscattered
electron image of crack, showing grain pattern and location
of the channeling pattern shown in (b). Note there is a
rotation between the pattern and image which has not been
shown in this illustration. (c) shows the location (large
dot) of the surface normal to the grain within a stereo-
graphic triangle, and (d) is a sketch of the angular rela-
tions derived for this crack. For further definition of
the vectors shown, consult Figure 6-8.



! FIGURE 6-10.
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(d}

Determination of crack growth plane and slip direction by
selected area electron channeling. (a) backscattered
electron image of crack, showing grain pattern and location
of the channeling pattern shown in (b). Note there is a
rotation between the pattern and image which has not been
shown in this illustration. (c) shows the location (large
dot) of the surface normal to the grain within a stereo-
graphic triangle, and (d) is a sketch of the angular re-
lations derived for this crack. Ffor further definition of
the vectors shown, consult Figure 6-8.
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Clustering of the surface normals of grains containing fatigue cracxs
occurs in several regions of the standard stereographic triangle. This sug-
gests that there are preferred grain orientations for crack initiation in
Astroloy. Fatigue cracks in Astroloy were observed to initiate at slip bands
in grains which do not contain pores, as well as at slip bands emanating from
pores; therefore, the role of preferred grain orientation in initiation of
fatigue cracks in this alloy is somewhat unclear. However, this can be
examined by considering the Taylor factors of individual grains within which
fatigue cracks initiated.

The appropriate vaiue of the Taylor factor, M, for a given grain
orientation can be computed on the basis of the Bishop-Hill approach [6.6,
6.7]. In particular, the Taylor factor calculations have been performed using
{6.7, 6.8]:

1 L
M= - de” [-B dejj * Adeyy + 2 Fdeyy + 26 degq + 2H delZ] (6-1)

in which dsyy is the incremental plastic strain in the principal loading (y)
axis; A,B,F,G, and H represent the stress states capable of activating the
same shear stress on five or more slip systems. Although Astroloy is com-
prised of y' (Lj, structure) in ay (fcc) matrix, the predominate slip
systems at room temperature are {111} <110>, i.e., they are similar to those
in cubic metals such as aluminum and copper. The number of these stress
states is fifty-six for cubic metals which slip on {111} <110> slip systems.
The values of A,B,F,G, and H are given in Ref. [6.7]. The plastic strain com-
ponents (dell, delz, etc...) in Eq. (6-1) are obtained by transforming the
jmposed plastic strains (dexx, deyy, and dezz) into the cube axes (1, 2, and 3
axes) of the crystals. In this case, the loading direction is the y-axis and
the z-axis is parallel to the surface normal of an individual grain. Accord-
ing to Bishop-Hill {6.6, 6.7}, the appropriate stress state for Egq. (6-1) is
the one which maximizes the external work. The value of M for a given grain
orientation is therefore obtained by maximizing the right-hand side of Eq. (6-
1).

Table 6-2 shows the results of the Taylor factor calculation for
selected grain orientations for fcc crystals deforming by {111} <110> slip

_undav _tha nlana_ctrain canditinn (A =_A- de = N\ Tt ¢hniild he nnted



TABLE 6-2

TAYLOR FACTOR CALCULATION FOR SELECTED GRAIN ORIENTATIONS UNDER PLAIN

STRAIN DEFORMATION (dc.,=0).
orientations is M = 3.§§.

Orientation

X

6° off [021]
4° off [133]
4° off [133]
[001]

(170}

[111]

[T12]

i 1T0]

[112]

The average value of M for all possible

Y
6° off [201)
2° off [711)
2° off [711]
[010]
[001]
[110]
[1T1]
[1101
[110]

_z_

(T12]
[o11]
[o11]
[001]
[110]
[T12]
[T11]
[oo1]
(111}

M M/M
2.0 0.565
2.258 0.640
2.258 0.640
2.449 0.693
2.449 0.693
4.082 1.155
3.674 1.040
4.899 1.386
3.266 0.924



that the Taylor factors for some of the orientations in Table 6-2 were pre-
viously reported by Chin et al [6.8]. The present results are identical to
those reported by Chin et al. Also included in Table 6-2 are some of the
"weakest" orientations (01, 02, and 03) which result in low M values. The
lowest possible value for M is 2, and it is observed in the grain orientation
0y. The M values for orientations 0, (and 03) and the [001] orientation are
2.26 and 2.45, respectively. These "weakest" orientations, summarized in the
standard stereographic projection shown in Figure 6-11, are unique because the
plane strain condition can be satisfied by activating the highest stressed
slip system only. The predicted "weakest" orientations are compared in
Figure 6-12 with the orientations of grains within which small cracks were
initiated. The results indicate that most of the observed orientations are
within 5 degrees of the "weakest" orientations; the worst cases are within
10 degrees.

A conclusion which can be drawn from the results shown in Figure 6-12 is
that slip in coarse-grained Astroloy, and thus fatigue cracks, tends to ini-
tiate within grains having the "weakest" orientations. This seems to be true
for slip initiating from pores or within the grains. This behavior can be
easily understood since in the present experiments the applied maximum stress
was above the proportional limit, but below the macroscopic cyclic yield
stress (S = 0.8), thus only grains with low Taylor factors can exceed the
critical resolved shear stress required to activate slip. Once nucleated
within siip bands, small fatique cracks propagate in a microplastic field
since they are entirely embedded within slip bands which extend across
individual grains. Fatigue crack propagation can cease (either permanently or
temporary) or continue as the microcracks approach the grain boundaries,
depending on whether or not the crack tip can propagate slip onto contiguous
grains.

In order to gain insight into the effect of statistical variation of the
yield strength of individual grains on crack initiation, Taylor factors were
computed for grains whose orientations were selected randomly. The number of
grains was varied from one to twenty, and each calculation was repeated for
fifty sets of randomly seiected grain orientations. Results of M values nor-
malized by the average M value, M, for all possible orientations, shown as a
function of number of grains in Figure 6-13, indicate that a large statistical
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variation in yield strength is expected in the plastic zone when only one
grain is interrogated by the crack tip. This statistical variation of yield
strength decreases as the number of grains affected by the crack tip is
increased. Thus, the effect of grain orientation is expected to play a
p prominent role in crack initiation, as well as in the subsequent erratic
growth of small fatigue cracks.

In conclusion, fatigue cracks in Astroloy at room temperature initiate
preferentially in grains which were weakest by virtue of the fact that their

crystallographic orientations favor {111} <110> slip. These grains were found
to have surface ncrmals near the (100] [110] and [113] directions and exhibit
the lowest Taylor factors. This preferred orientation was also observed for
the one out of seven cases (in the current experiment) where a crack initiated
from a pre-existing surface pore.* Thus, crystallographic orientation is an
important factor in governing where the crack initiates, as well as its mode
of growth. However, it may also be possible for metallurgical defects to
initiate cracks in less favarably oriented grains, depending on the nature,
geometry, size and distribution of such defects. Manufacturing defects would
also be expected to pilay a similar ro'e in crack initiation in actual aero-
engine components as discussed in Section 5.4.

[t is significant to note that the crystallographic orientation deter-
mined here for small cracks in Astrolcy is the same as those observed near the
fatigue threshold in long cracks in Astroloy using fracture surface etching
(6.9 - 6.111, as well as those in other Ni-base superalloys determined using a
variety of techniques [6.12 - 6.14].

6.3 Fractography of Small Cracks

The fracture surface morphology of small cracks was characterized as a
function of test temperature, alloy composition and grain size by examining
the fractured bend specimens from Section 5. These results assist in under-
standing the influence of these variables on the small crack growth rates.
More importantly, however, the results are compared with known large crack
behavior to elucidate possible differences in the crack growth mechanisms in
small and targe cracks.
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6.3.1 Fractography Versus Test Temperature

Test temperature had a pronounced effect on the fracture surface
morphology of small cracks as indicated by the results in Figure 6-14 on
CG Astroloy. The initial fracture surfaces at 25°C were highly crystal-
lographic exhibiting sharp, angular facets. In contrast, crack growth at
600°C, while still initially crystallographic, is significantly flatter and
smoother than that at 25°C. Consequently, the relationship between facet size
and grain size, which is clearly evident at 25°C, is indistinguishable at the
elevated temperature. At both temperatures, the extent of crystallographic
cracking decreased as the cracks enlarged, although a transition crack size
can be identified in each case. This transition crack size was larger at room
temperature than at 600°C (a = 400 um versus 200 um).

The above change in the fracture surface morphology with temper-
ature also occurred in Waspaloy. However, as indicated in Figure 6-15 the ex-
tent of the sharp, angular faceting at 25°C was noticeable less in Waspaloy
than in CG Astroloy. In accord with subsequent discussion, this difference is
believed to be due to the fact that the room temperature Waspaloy specimen was
tested at a significantly higher level of applied stress (S = 1.7 versus 1.1).

The dramatic influence of test temperature on the nature of the crystal-
lographic crack growth was particularly evident in cases where the temperature
was changed during the experiment. This is shown in Figure 6-16 which con-
tains higher magnification fractographs of the crack initiation sites in
CG Astroloy and Waspaloy. In both cases cracks were initiated at 25°C until a
crack of about one-to-two grain sizes was detected, then the temperature was
increased to 600°C for the remainder of the experiment. The transition from
the sharp angular facets at 25°C to the flatter, smoother facets at 600°C is
clearly evident. Interestingly, this transition corresponds to the point in
the experiment where the cracks often arrested for a significant period of
time, as described in Section 5.4,

The above changes appear to be consistent with observed changes in the
homogeneity of slip in Ni-based alloys with temperature. Specifically, in-
creasing temperature, as well as strain, is known to activate processes such
as cross slip and climb which thereby serve to homogenize the deformaticn

16.16 - 6.20]. Such thermally activated processes would be expected to
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6.3.2 Fractography Versus Ailoy Composition

Figures 6-15 and 6-16 also provide a comparison of the influence
of alloy composition on the fracture surface morphology since the grain sizes
are similar in both CG Astroloy (30 um) and Waspaloy (42 um). Fracture
surfaces in both alloys are strikingly similar, exhibiting the same
temperature dependence as well as change from faceted to non-facetted crack
growth with increasing crack size. The only noticeable difference in fracture
appearance is that the facets in Waspaloy appear more ductile than those in CG
Astroloy, Figure 6-16. This difference is understandable, since Waspaloy is
the weaker of the two alloys, the enhanced strength of Astroloy being gained
through additional precipitation hardening.

The overall commonality of fracture appearance of Waspaley and Astroloy
is consistent with the fact that the growth rate behavior of small cracks in
these two alloys is similar at both room temperature [6.21] and elevated
temperature (Figure 5-22).

6.3.3 Fractography Versus Grain Size

As shown in Figure 6-17 for the case of Astroloy, the primary
role of grain size on the fracture surface morphology is to alter the size of
the crystallographic facets. This is clearly evident at 25°C, but less so at
600°C since the smooth, flat surfaces produced at this temperature largely
obscure the grain boundaries. Navertheless, as the crack enlarges and non-
crystallographic cracking becomes more predominant at 600°C, the fracture
surface of the fine grain material exhibits a noticeable finer structure than
that of the coarse grained material.

6.3.4 Fractography of Small Versus Larae Cracks

The above mentioned trends in fracture morphology with
temperature, alloy composition and grain size are similar to those which have
previously been observed for long, thru-thickness cracks in Ni-base alloys in
the near-threshold regime [6.9 - 6.11]. An example of the latter, taken from
Ref. [6.11], is shown in Figure 6-18 for both FG and CG Astroloy at 25°C and

600 C. Comparing Figure 6-17 with Figure 6-16, and accounting for the
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dependence of the fracture surface is similar in both crack size regimes.
This similarity is particularly noticeable in the coarse grained material.

As discussed previously in relation to the observed temperature
dependence, the fracture surface morphology should be related to the homo-
geneity of slip, which is known to change with both temperature and extent of
deformation. Thus, a more exact comparison of the fracture surfaces of small
and long cracks should be done at equivalent values of the mechanical driving
force -- that is, at equivalent magnitudes of the local crack-tip strain.

In long, thru-thickness cracks in Ni-base superalloys it is well
documented that crystallographic faceting is favored at low aK, while non-
crystallographic (classical striated) growth is favored at high ak [6.9,
6.22}]. In fact, it has been proposed that the transition between the two
crack growth processes occurs when the cyclic plastic zone becomes equal to
the grain size [6.22]. However, is should be pointed out that these studies
have computed the cyclic plastic zone size based on the applied aAK value. This
procedure is likely to have over-estimated the actual cyclic plastic zone size
due to the significant crack closure which occurs in large cracks, as shown in
Section 4.4. As shown in Section 7, small cracks also exhibit closure, but to
a much lesser extent than do long cracks. This difference in crack closure
behavior together with inelastic and mixed-mode effects in small cracks,
causes the mechanical driving force for small and large cracks to differ.
Thus, a more sensible comparison of fracture features should be made in terms
of an equivalent aK, (defined in Section 8), which takes these factors into
account for both small land large cracks.

Figure 6-19 illustrates the general relationship between the
applied aK and the equivalent aK, designated aKeg. As indicated, sKeg is less
than aK for long cracks near the threshold, while the opposite is true for
small cracks. Consequently, the respective aKeq values for small and long
cracks are much more similar than indicated by their applied aK vaiues. This
similarity in aKeq, which if properly formulated should characterize the near-
tip deformation state in both crack regimes, is believed to account for the
similarities in crack growth mechanisms in small and Tong cracks.

In addition, differences in constraint from neighboring grains
in small versus large cracks may favor crystallographic crack growth in small
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the first few grains they can deform and crack in an optimum manner dictated
by the particular orientation of each grain (Section 6.2). In contrast, both
large surface cracks and long thru cracks are constrained to deform and crack
in concert with a large number of grains thereby favoring slip on multiple
planes which gives rise to a flatter fracture surface having fewer sharp
facets.

In conclusion, the fractography of small cracks is consistent
with the orientation relationship established in Section 6.2. Perhaps more
importantly, both these observations are consistent with known crack propaga-
tion mechanisms in long cracks. Thus, the resolution of the "anomalous" be-
navior of small cracks appears to require a proper reformulation of the
mecaanical driving force -- a task undertaken in Sections 7 and 8.
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7. CRACK-TIP DEFORMATION AND CRACK CLOSURE IN SMALL CRACKS

The work summarized in this section was designed to elucidate the
physical processes which contribute to crack size effects in Ni-base alloys
under fatigue loading. This was accomplished using high resolution observa-
tions and quantitative measurements obtained within a scanning electron micro-
scope (SEM) equipped with a special fatigue loading stage. The local dis-
placements at the tips of small cracks were quartified by combining the SEM
observations with the techniques of stereoimaging. These local displacement
measurements, combined with crack closure measurements, provided the basis for
the crack driving force determined in Section 8. While most of the data pre-
sented in this section are on the Ni-base superalloys of primary interest in
this study, supplemental results obtained from reanalysis of previously avail-
able data on an aluminum alloy are also presented.

7.1 Experimental Techniques

The local deformation and closure of small fatigue cracks was measured
within a SEM using either of two cyclic loading stages capable of operating at
either room temperature or elevated temperature. Details of the design and
operation of these units can be found in Refs. 7.1 and 7.2.

The specimen design used for the SEM experiments is shown in Figure 7-
l. All specimens were prepared using low-stress machining. [In addition, to
eliminate any residual stresses remaining after machining, the gage section of
the specimens were further prepared by electropolishing in a solution of
25 percent nitric acid in methanol at -30°C. Typically, this procedurz re-
moved a 40 um-thick layer of materia)l from the specimen. This procedure also
revealed the microstructure of the material thereby providirg a frame of
reference for the observation of small cracks, as well as surface features
necessary for stereoimaging.

7.1.1 Initiation of Fatique Microcracks

A1l fatigue cracks were naturally initiated by loading the gage
section of the specimen in Figure 7-1 in three-point bending. As in the
experiments of Section 5, this procedure was used to localize the initiated
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cracks thereby simplifying their detection. For expedience, crack initiation
was conducted in a room temperature laboratory air environment (50 percent
R. H.) using a laboratory servo-hydraulic test machine cycled under a 10 Hz
sinusoidal waveform and a load ratio (R) of 0.1. The maximum (outer fiber)
bending stresses were 85 to 98 percent of the proportional 1limit of the
material, as determined from strain gage measurements.

Crack initiation was detected using plastic replicas obtained
periodically under both minimum and maximum load. Replicas were metal coated
and examined using optical microscopy at 500X. This procedure usually re-
vealed either no cracks or several cracks; rarely did only a single crack ini-
tiate. However, multiple cracks were usually widely separated and did not
interfere with one another until considerable growth had occurred. As
described in Section 6, these cracks were found to initiate either at slip
within grains or at surface pores. Occasionally, the slip which initiated the
crack could be traced back to the very first loading cycle.

7.1.2 SEM Experiments

Following the initiation of a detectable crack, the specimens
were switched to tension-tension loading (R = 0.1) in vacuum -- either in a
iaboratory test machine equipped with a vacuum rig, or within the cyclic
loading stage of the SEM. At room temperature this transition occurred with-
out noticeable change in the crack growth rate. However, when this transition
involved increasing the test temperature to 600°C, cracks arrested for many
thousands of cycles, then eventually resumed growth without warning. This
pehavior was identical to that which was observed in the experiments of
Section 5 and greatly nindered data acquisition at the elevated temperature.

To overcome this difficulty, the initial portion of the 600°C
experiments had to be conducted entirely within the SEM where cracks could be
constantly monitored at high resolution. ODuring this period, the cyciic load
range was gradually increased until the cracks remained open for a significant
partion of the loading cycle and crack growth was observed. This procedure
typically resulted in a 30 percent increase in the stress, relative to the
precracking stress. During this procedure, the cyclic frequency was main-
tained at 3 Hz in order to preclude measurable creep deformation. Once cracks
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were growing at 600°C, the specimen was periodically transferred from the SEM
to the laboratory test machine (at 1 MPa vacuum) to lengthen cracks prior to
reinsertion into the SEM for further observation.

7.1.3 Stereoimaging Analysis

Periodically, during growth of the small cracks, photographs of
the entire crack and each of the crack tip regions were made at poth minimum
and maximum load. Examples of these photographs are shown in Figures 7-2 and
7-3. Cracks in FG Astroloy initiated primarily at pores, Figure 7-2, whereas
cracks in CG Astroloy initiated primarily at persistent slip bands, Figure 7-
3.

Photographs were analyzed using the stereoimaging technique
(7.2), which is an optical method of measuring relative displacements by com-
paring two photographs of the same region, each obtained at a different dis-
placement state. Using this procedure, the crack-tip displacement field was
quantified using high resolution photogrammetric equipment. From these mea-
surements, it was a simple matter to compute crack opening displacements.
Furthermore, by taking gradients within the displacement field three elements
of the symmetric, in-plane strain tensor were also computed using finite-
strain formulation. These strains were used to determine the magnitude of
crack-tip strain and the distributions of strain parallel and perpendicular to
the loading direction (7.3, 7.4). Plastic zone sizes were also computed by
extending these distribution functions to the cyclic elastic limit, defined as
twice the cyclic yield stress divided by the elastic modulus.

The stereoimaging technique was also used to determine the load
at which the crack was fully opened to its tip. This procedure entailed
photographing the crack-tip region at minimum load, Pmins and at progressively

higher proportions of the maximum 1load, P By first observing the

x*
photographs of Pgs, and Pmax in a stereoviewéti it was possible to determine
the location of the crack tip to within about 0.1 um. At loads below that
required for crack opening to the tip, only a portion of the crack appeared
open, and with increasing load, this distance decreased until the crack was

completely open to the tip. The Toad at which this occurred was defined as
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the crack opening load, Pop‘ It was usually possible to determine the value

of Pop to 10-15 percent of Py, .

By viewing photographs both paraliel and perpendicular to the
loading axis, a value of applied load corresponding to the onset of Mode I
opening (Pop), as well as the onset of Mode 1l sliding (P¢) could be deter-
mined. Occasionally, for large cracks and low AK values, crack-tip sliding
was found to precede crack-tip opening (that is, Py < Pop); however, for small
cracks this was not the case. In selected cases, Mode III displacements were
also determined by comparing photographs of the specimen inclined at two dif-
ferent angles with respect to the electron beam.

7.2 Local Crack-Tip Measurements on Small Cracks

The crack tip displacements strains and crack opening loads were deter-
mined for small surface cracks of various sizes in CG Astroloy at 25°C and in
CG and FG Astroloy at 600°C. Detailed results are presented for selected
cases to illustrate the nature of the results obtained and summaries of
important parameters are provided for the remainder of cases.

7.2.1 Crack-Tip Displacements

Figure 7-4 provides an example of a typical displacement field
determined from stereoimaging. These results were obtained for the small
crack in FG Astroloy at 600°C shown in Figure 7-2. A1l displacements are with
respect to an reference point ahead of the crack tip at a remote location
which experienced 1ittle or no deformation. These displacements are indica-
tive of a biaxial crack-tip deformation field and are surprisingly homogeneous
in view of the highly planar slip character of this alloy. Similar results
were observed in CG Astroloy and both 25°C and 600°C.

As indicated in Section 6, small cracks were rarely normal to the
applied loading direction due to their preferred orientation within the
crystallite. Thus, cracks were generally inclined at some angle with respect
to the original x'-y' coordinate system of the sterroimaging measurements, as
shown in Figure 7-4. In order to resolve displacements into Modes I and II,
the measured displacements were transformed from the original x'-y' system
into an x-y system as shown in Figure 7-5.
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An example of Mode I and Mode II crack opening displacements
(COD) in the x-y coordinate system is given in Figure 7-6. Once again, these
results are for the small crack in FG Astroloy shown in Figure 7-2 and cor-
respond to the original displacement field of Figure 7-4. The magnitude of
the Mode II displacements in this particular case is relatively small since
the crack was nearly normal to the loading direction. In contrast, the
Mode II displacements are significant for a crack, such as that shown pre-
viously in Figure 7-3, which is inclined at an appreciable angle to the
loading axis. For example, cracks inclined at an angle of 40°-50° to the
loading axis exhibited nearly equal Mode I and Mode II displacements, as shown
in Figure 7-7 for a crack in CG Astroloy at 600°C. This mixture of Modes I
and Il is in good agreement with results obtained from two dimensional elastic
analysis of inclined edge cracks using the boundary force methods [7.5]

Perhaps the most interesting feature of the above COD values is
the fact that they are a Tinear function of square root of the distance from
the crack tip and thus can be described by:

COD = Co/r (7-1)

where C, is the slope of the lines in Figures 7-6 and 7-7, and r is the dis-
tance from the crack tip. The above r-dependence of the COD is precisely what
one would expect for an elastic crack where, for example, the Mode I displace-
ment ranges are given by:

con; = 2K (g(140)(1-v) ] (7-2)

Ev2n
where AK is the Mode [ stress intensity factor defined by linear elasticity
and v is Poisson's ratio. By combining Egqs. (7-1) and (7-2), it would appear
that aK can be computed from the slope of lines found in Figures 7-6 and 7-7,
provided the cracks conform to the linear elastic fracture mechanics concept
of small scale yielding (SSY). However, based on the size of the measured
plastic zone in relation to the crack size, this is not likely to be the case
for small cracks as described in Section 7.2.2. Thus, the /r dependence of
COD appears to be fortuitous.
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In order to better understand the above observations, Egs. (7-1)
and (7-2) were applied tc the analysis of large cracks in 7075 and 7091
aluminum alloys which conformed to the SSY condition. Displacements measured
using stereoimaging were again found to exhibit the /r-dependence. However,
the aK values computed from the measured displacements, termed aK(disp.)
differed from those computed from applied load and crack size using the
standard elastic stress intensity factor equations. As shown in Figure 7-8,
the difference between aK(disp.) and the applied aK was found to increase with
increasing applied aK. The reason for this discrepancy is thought to be re-
lated to the influence of the fatigue crack extension process, and associated
crack-tip plasticity and crack closure, on the near-tip displacement field.
Thus, even when SSY prevails, the local displacements at growing fatigue
cracks do not conform to the analytical results from elastic analysis of
monotonically loaded, stationary cracks. Nevertheless, when SSY prevails,
these local events appear to scale with aK, as evidenced by the ability of aK
to provide a geometry-independent measure of the crack growth kinetics of
large cracks, at least under constant ampiitude loading.

7.2.2 Crack-Tip Strain and Plastic Zone Size

An example of the maximum shear strain distributions at the tips
of a small crack in FG Astroloy at 600°C (Figure 7-2) are given in Figure 7-
9. The strain field is surprisingly homogeneous in view of the slip character
of this material. Thus, multiple slip must be occurring on numerous (111}
planes within the crack-tip plastic zone. Although sterecimaging is capable
of defining the average crack-tip strain field, it cannot resolve slip details
which occur on a much finer scale. Thus, it is not surprising that the
criterion controlling which of these {111} slip planes the crack will follow
is not obvious from examining the strain field. Similar strain fields were
observed in CG Astroloy at both 25°C and 600°C and gave no indication of the
change in fracture morphology with temperature which was evident in the frac-
tographic results of Section 6.3.

These strain distributions for small cracks in Ni-base super-
alloys are similar to those found for small cracks in aluminum alioys (7.6),
in that there is a large component of strain roughly parallel to the direction

of Toading. This distribution of strain is different than that found for
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large cracks (7.7, 7.8) where a higher level of strain is found ahead of the
crack tip. These differences in strain distribution between large and small
fatigue cracks appear to depend on whether or not SSY prevails and are be-
lieved to be fundamental to understanding the small crack problem. Further-
more, the similarity in strain distribution between small cracks in super-
alloys and in aluminum alloys indicates the commonality in crack-tip mechanics
for these two materials.

Strain distributions for large fatigue cracks have been found to
be of the following functional form:

1) Perpendicular to the loading axis (¢ = 0°) [7.7]
ae”(r) = A~ + M- on (r+B-) (7-3)
or
ae”(r) = - and m = 1/(1l+n") (7-4)
(r+8)
2) Parallel to the loading axis (¢ = 90°) [7.8]:
pe”(r) = TT%FY (7-5)

where r = distance from the crack tip, ae”(r) = (strain value at r)/(strain
value at r = 0), n' = the cyclic hardening exponent given in Section 4, and
A-, M-, 8-, A and B are material constants. Considering the variability in
the measured strain data, it is not possible to determine whether Eq.(7-3) or
Eq.(7-4) provides the better representation of the data.

For small cracks in both CG and FG Astroloy at 25°C and 600 C,
£q.(7-4) has been found to fit the data reasonably well, but it is likely that
£q.(7-3) would also fit since these two functions are very similar near the
crack tip. The validity of Eq. (7-5) for small cracks has not been examined.

Crack-tip plastic zone sizes (r for o« = 0° and 90° were

)
computed by fitting the measured strain data fgr small cracks in Astroloy to
the above equations. These results are summarizeu in Table 7-1 along with the
crack sizes, applied aK values and crack-tip strain ranges, ac(0). Although
the validity of Eq. (7-5) has not been verified for the specific case of small
cracks in Astroloy, it has been assumed to be valid for the purposes of

comparing plastic zone sizes. The plastic zone sizes for o = 0 and 90 are
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TABLE 7-1

CRACK-TIP STRAINS AND PLASTIC ZONE SIZES
FOR SMALL CRACKS IN ASTROLOY

Crack aK _ Crack-Tip Tps W
Length (2a), um MPa/m Strain, 4¢(0) ¢ = 0° o = 90°
CG Astroloy, 25°C
45 4.9 0.042 5.6 4.0
5.9 0.032 13.1 3.0
67 5.9 0.120 15.3 14.0
0.050 10.4 5.0
71 5.4 0.0046 7.1 -
0.0054 7.9 -
72 6.2 0.016 4.9 1.0
0.049 10.4 5.0
102 6.5 0.068 21.1 7.0
CG Astroloy, 600°C
42 4.4 0.038 5.9 3.0
0.029 6.6 2.0
54 5.1 0.060 7.6 5.0
0.127 12.1 11.0
66 5.4 0.107 30.5 9.0
0.115 17.0 10.0
FG Astroloy, 600°C
106 7.7 0.046 20 3.0
0.057 25 4.0
133 8.8 0.093 24 8.0
0.043 28 3.0
230 11.9 0 036 29 3.0
0.071 43 6.0
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plotted as a function of aK in Figures 7-10 and 7-11, respectively. In
neither case does "o follow the parabolic relationship with aK expected from
analytical SSY results. The large variation in rp versus aK, particularly
for ¢ = 90° (Figure 7-11) occurs because of the lack of symmetry observed in

the deformation field of actual cracks.

In order to assess the extent to which the SSY concept applies to
these small cracks, the ratio of crack size to plastic zone size (a/rp)
for ¢ = 0 was examined. These results, given as a function of crack size in
Figure 7-12, show that a/rp was typically 2 to 4, but overall ranged from 1 to
8. These values are considerably smaller that of a/rp > 50 which is generally
thought to be required to insure SSY [7.9]. Consequently, an elastic-plastic
crack-tip parameter is needed to adequately describe the driving force for the

growth of small cracks. Such a parameter is considered in Section 8.

7.2.3 Crack Closure in Small Verzus Large Cracks

The stereoimaging technique was also used to measure the load

required to fully open the tip of small cracks, These values were used

P ..
op
to determine relative effective stress intensity factors, AKeff/AK, using the
following relationship derivable from basic crack closure definitions (see

Section 4.4):
AKeff/AK = (1 - POD/PmaX)/(l - R) (7-6)

Results for small cracks are shown in Figure 7-13, along with the Soniak and
Remy [7.10] data from large cracks which were previously discussed in Section
4.4, As indicated, values of AKeff/AK for small cracks are relatively con-

stant over a wide range of K (or 8K) and are not measurably sensitive to

max
material condition or test temperature. These small crack results are

described by the following simple relationship:
MKapp/0K = 8 (7-7)

where 8 = 0.35 for both FG and (G Astroloy at 25°C and 600°C. In contrast, as
indicated in Figure 7-13, the long crack results in Astroloy are sensitive to

both Ko

x and test temperature.
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The above results in the Ni-base alloys are qualitatively similar
to those observed recently in a 7075 aluminum alloy [7.11]) as shown in
Figure 7-14. In this case, both the small and large crack results were
obtained using stereoimaging. These high resolution measurements clearly show
that significantly more closure occurs in large cracks, than in small cracks,
as Kmax is decreased and aK approaches the large crack threshold for fatigue
crack growth.

Combining Eqs (7-6) and (7-7), and noting the identity P
Kop/Kmax» 9ives:

op/Pmax =

Kop/kmax = 1 = (1-R) 8 (7-8)

Thus, for a given R, Kop/Kmax is also constant for small cracks. This
relationship is in agreement with recent small crack data of Soniak and
Remy [7.10] on necklace Astroloy. The Soniak and Remy data for R = 0.1 are
shown in Figure 7-15. These data are consistent with the curvent results in
that crack closure in small cracks was found to be insensitive to tempera-
ture. The deviation from Eq. 7-8 which occurs above a Kmax of about 20 MPas/m
is believed to be due to the fact that the small cracks have grown to the
length where they now exhibit closure more typical of large cracks. Ffurther-
more, the fact that these data have a slope R is consistent with the linear
relationship hetwee, LM ..,/ vereus l/rmax
7-13 and 7-14.

shown for large cracks in Figures

For comparison, Figure 7-13 also contains the current results on
Astroloy. Although both sets of results exhibit the same functional relation-
ship, the current results give a higher Kop/Kmax than do those of Soniak and
Remy. The larger amount of crack closure given by the current data are be-
lieved to result from the fact that these measurements were acquired local to
the crack tip, while those of Soniak and Remy are based on compliance measure-
ments made remote from the crack tip. This interpretation is consistent with
recent measurements of Su and Sharp [7.12], obtained using a laser-based
interferometric displacement gage, which showed that Kop/Kmax for small
fatigue cracks in a 2024-T3 aluminum alloy increased significantly as the
measurement location was moved toward the crack tip.
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8. A PHENOMENOLOGICAL MODEL FOR THE GROWTH OF SMALL CRACKS

This section uses the local crack-tip displacement measurements of the
previous section to determine the mechanical driving force for the growth of
small cracks based on the relationship between crack-tip opening displacement
and aJ, the cyclic J-integral. To facilitate comparison with large crack data
these results are expressed in terms of an equivalent stress intensity factor,

by
eq
contain the influence of mixed-mode loading, plasticity and crack closure.

Since these results are based on local crack-tip measurements they

However, since thesr same factors cannot currently be computed for growing
fatigue cracks subjected to cyclic loading, AKeq cannot simply be determined
from knowledge of crack size, component geometry and remote loading. Thus, a
phenomenological model is formulated in order to relate AKeq to the applied
sK. The ability of AKeq to produce crack growth kinetics which are
independent of crack size is also assessed by comparing crack growth rates for
both small and large cracks as a function of AKeq. The engineering utility of

this approach is subsequently examined in Section 9.

8.1 The Relationship Between Cyclic CTOD an aJ

It is of interest to relate the cyclic CTOD values measured by
stereoimaging to a crack-tip field parameter in attempting to establish a
driving force for the growth of small fatigue cracks under elastic-plastic
loading. Available elastic-plastic solutions for stationary cracks under
monotonic loading are briefly reviewed since they provide guidance for the
adoption of an operational relationship between the cyclic CTOD and ad.

Hult and McClintock [8.1] have provided an anaiytical solution for a
stationary crack under antiplane shear in an elastic-perfectly plastic
material under small scale yielding. The relationship between Rice's J-
integral [8.2] and CTOD for this case is as follows:

Jiqp = /e, dy) (8-1)



where:  Jppp is the J-integral in Mode III, dy = the crack tip sliding
displacement under Mode III loading, and 9 = the yield stress in shear. It
is interesting to note that the constant =»/4 in £q. (8-1) is about 60 percent
greater than the value of 1/2 obtained by Bilby, Cottrell and Swinden [8.3]
using a strip-yield model [8.4].

For the case of Mode I loading, the asymptotic solutions of Hutchinson
[8.5] and Rice and Rosengren [8.6] define the plastic crack-tip field for a
power-hardening material experiencing proportional loading according to
deformation theory of plasticity. One difficulty with this so-called HRR
field is that the crack opening displacement tends to zero as the crack-tip is
approached. To overcome this difficulty, Tracy [8.7], following Ri.e's
suggestion, proposed that the CTOD, dt' be operationally defined as shown in
Figure 8-1. This definition, combined with the displacement equation for the
HRR field, gives:

J = (1/d,) o, dy (8-2)

ys
where: ”ys = the tensile yield stress; and dt is the operationally defined
CTOD. The factor d, depends primarily on stress state and strain hardening
exponent, and mildly on the materials yield strain, as determined by
Shih [8.8] using finite element analysis. For the case of plane strain and
the range of cyclic strain hardening exponents for the materials and
temperatures of interest to the present study (n = 0.145 to 0.029), d,
between 1.4 and 2.3. For the case of a perfectly plastic material under plane
stress, d, = 1 and Eq.(8-2) gives results which are identical to those of the
Dugdale-Barenblatt model [8.9, 8.10].

is

The primary limitation of the HRR field and Eq. (8-2), with respect to
fatigue crack growth, is the fact that they are based on deformation theory of
plasticity which assumes that the plastic strain is only dependent on the
current state of stress and thus is indeperdent of the path followed on
arriving at this stress state. This condition is generally thought to be
inapplicable at the tip of a growing fatigue cracks where unloading occurs
behind the advancing crack and plastic deformation occurs at the crack-tip.
Nevertheless, in spite of these analytical limitations, Dowling [8.11, 8.12]
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has demonstrated the utility of the cyclic J-integral, ad, for correlating the

growth rates of large cracks for a variety of specimen geometries and loading
conditions ranging from small scale yielding to fully plastic.

Lamda (8.13] has proposed that the aJ-integral can be formally defined
by replacing the :tress tensor, strain tensor, and displacement vector in
Rice's J-integral (8.2] by their respective ranges. Furthermore, he has shown
that the resulting ad-integral is a path-independent, crack-tip field
parameter for elastic-plastic materials, provided the constitutive behavior
can be described in terms of the cyclic strain energy density as follows:

where 4 and i are the stress range and strain range, respectively, and W
is the cyclic strain energy density. Eq. (8-3) requires that the stress range
only be a function of the current strain range and nut the deformation
history. As discussed in Ref. [8.14], these conditions are met by the cyclic
stress-strain curve which is based on the stress and strain ranges associated
with stable stress-strain hysteresis loops. Consequently, materials
axhibiting stable cyclic plasticity appear to be treatable as a nonlinear
eiastic material through deformation theory of plasticity.

To evaluate the applicability of the above concept, Chan [8.15, 8.16]
nas used measured stress-strain fields from both large and small fatigue
rracks to compute values of Lamda's aJ-integral for different line-contour
inteqration paths around the crack tip. These results showed that 4J was
~elatively independent of the contour path, for distances greater than several
D values from the crack-tip. Moreover, the average contour-generated :J

values were found to be in good agreement with those computed directly from
108 using:

W (8-4)

«here s is the crack-tip stress range and + is the cyclic CT0D. £q.(8-4) s
significant in that it provides a means of relating the measured ¢ values

to cg o wnile avoiding much of the uncertainty associated with applying the
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analytical solutions -- Egs. (8-1) and (8-2) -- for monotonically loaded,
stationary cracks to growing fatigue cracks.

8.2 Phenomenological Model for the Growth of Small and Large Fatique Cracks

Local CTOD values for small cracks in CG and FG Astroloy at severa)
temperatures were determined from the measured displacement fields of
Section 7. These values were then used to compute aJ using Eq. (8-4). To
facijtitate comparison of the resulting small crack growth kinetics with those
of large cracks, aJ was converted to an equivalent aK using the following
relationship [8.13]:

tKeq = (£20)1/2 = (€ 4o 5 )1/2 (8-5)

where the crack tip stress range (ac) was determined from the measured crack-
tip strain range using the appropriate cyclic stress-strain relation from
Section 3, and sr is the vector-resolved value of the cyclic CTOD from Mode I
and II. The latter were defined as the respective COD valu-, at 0.5 .m from
the crack-tip. A summary of the crack-tip deformation parameters, along with

the resulting AKe values, is provided in Table 8-1.

q

Eq. (8-5) was also used to analyze available small crack data in a 7075
aluminum alloy at room temperature (8.17]. Resulting AKeq valuyes for both
7075 aluminum and for Astroloy are given as a function of AKeq in Ficures 8-7
and 8-3, respectively. Results in both materials indicate that ‘Keq 03
related to the applied aK as follows:

AKeq = Kp + 8AK (8-6)
The first and second terms in Eq. 8-6 are viewed as the plastic and e astic
contributions, respectively, to the crack driving force. It is important to

note that since aK was determined from measured cyclic c¢rack-t-'2

eq
displacements, it contains the influence of crack closure, as we'' as
plasticity and mixed modeness. Consequently, the second (elastic) term in
Eq. (8-6) is merely AKeff. Thus, for the case of Astroloy, the value of . i~

Fea 12 AN shonld raincide _with the independent crack closure measurements Nt
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FIGURE 8-2. Equivalent versus applied 2K for smail and large
cracks in a 7075 aluminum alloy.
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Section 7 which showed: 4aK,¢e/aK = 0.35 = 8. This is verified by the fact
that the straight line through the Astroloy small crack data in Figure 8-3,
constructed using 8 = 0.35, is shown to provide a reasonable fit to the data.

For comparison, Figures 8-2 and 8-3 alsc contain the appropriate AKeq
values for large cracks. Since large crack data are obtained under Mode I

loading and small scale yielding conditions, 6Kgq for large cracks is simply

q
given by:

AKeq = BKggg = 0K - 8Kq (8-7)

where 8K-y is the portion of the applied aK range over which the crack remains
closed. For the case of the Astroloy data in Figure 8-3, a value of \KCT =
4.0 MPa/m has been used based on the large crack results of Soniak and
Remy [8.18] given in Section 4.2.

Egs. (8-6) and (8-7) define a phenomenclogical modei of the mechanical
driving force for the growth of small and large cracks, respectively. This
model 1is schematically summarized 1in Figure 8-4, together with the corre-
sponding crack closure behavior, to emphasize the relationship among the
various parameters of the model. In its present form, the model contains
three fundamental parameters: K, (or AKC]), which characterizes crack closure
in large cracks; 8, which characterizes crack closure in small cracks; and

AKp, which characterizes the plastic contribution to the crack driving force
for small cracks. As indicated in Figure 8-4, the transition betweer so-
callied "small" and "large" crack behavior occurs in the model at a specific
value of aK, termed AKtr, which is defined by the above three parameters as
follows:

(Kyp = (nKp + Ko/ (L - 8) (3-8)
The above concept would appear to be contrary to the commonly held notion that

the transition from "small" to "large" crack behavior should occur at a given
crack size, This issue is further discussed in Section 10,
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8.3 Small and Large Crack Growth Rates as a Function of aKeq Versus bKagf

The growth rate data on small cracks obtained using the three-point bend
specimens (Section 5) and the single-edge-notched tension specimers
(Section 7) were analyzed using the above phencmenological model. In so
doing, it is implicitly assumed that the model for the crack driving force is
independent of specimen geometry. This is believed toc be a good assumption
since the model is based on direct measurement of local crack-tip deformation
and crack closure, rather than on quantities inferred from remote
measurements.

Because of the popuiarly held belief that crack closure alore is respon-
sible foar crack size effects, crack growth rate data were also examined in
terms of AKeff. Within the context of the current measurements, this is
equivalent to setting Ky = 0 in Eg. (8-6) of the above phenomenologica)
model.

Figure B-5 shows the rcom temperature data on CG Astroloy as funrctions
of both aKeg and Kagg. The large crack data in each case are given

parametricaily for a range of aK vatues intended to reflect the uncertainty

cl
in the determination of these values. Best estimates of AKCI based on the
room temperature large crack closure measurements of Soniak and Remy (8.16]}

for necklace Astroloy are 3-5 MPa,m. Based on these results, aiK appears to

eg
provide a better consolidation of targe and small crack growth kinetics than

does AKeff.

Using the same format as that above, Figure &-6 presents results on

CG Astrcloy at 600°C. In this case, the best estimate of aK based on the

cle
€50°C large crack data of Soniak and Remy [8.16], is 2-4 MPa,m. Once again
AKeq appears to provide a better consolidation of sma’’ and large crack data.
However, in this case there appears to be an downturn n the growth rate
kinetics at about 3 MPasm. Such behavior is indicative of an intrinsic
threshold for fatique crack growth, AKeq/th. Similar results on Waspaloy at
600°C are shown in figure 8-7. In presenting these results, it is implicitly
assumed that the above empirical model parameters, developed for small cracks
in Astroloy, are also applicable to Waspaloy. This assumption seems

reasonable based on the fact that the qgrowth rate behavior of small cracks is

T T T T e gy
t
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relatively insensitive to alloy composition and microstructure, as discussed
in Section 5.5.3.

Based on all of the above results it appears that a reasonable represen-
tation of the crack growth kinetics for both large and small cracks can be
obtained from the following equation:

da/dN = C(eKgq - 8Kaq/th)" (8-9)

where C and n are empirical constants, and Keq/th is the intrinsic threshold
stress intensity factor. Values of C, n, Keq/th and aKcl, 8 and aKp [from
Egs. (8-6) and (8-7)] for the materials of interest here are given in Table 8-
2.
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9. EFFECT OF SMALL CRACK BEHAVIOR ON COMPONENT FATIGUE LIFE

The fatigue lives of actual rig-tested turbine discs have been computed
using the phenomenclogical model for small crack growth presented in
Section 8. Predicted versus measured lives are compared in order to assess
the utility of the proposed model. The predicted lives based on the small
crack model are also compared with those obtained using the conventionai
linear elastic fracture mechanics and large crack data. The influence of the
large crack threshold stress intensity, 4Ky, On the latter predictions is
also examined.

9.1 Analysis of Rig-Tested Discs

Engine disc test data were taken from two sets of rig tests: one for
Waspaloy, and a second for Astroloy. The Waspaloy discs were manufactured
identically to the Waspaloy materjal used in the current program. The
Astroloy discs were manufactured via a 1160°C hip-plus-forge route resulting
in a necklace microstructure having both 5 .m and 40 um grain sizes. This
microstructure was originally chosen to provide optimum crack growth rate
behavior in both the small and large crack regimes {9.1]. In contrast, work
in the current program has focused on fine and coarse grained variants of
Astroloy in order to obtain a more fundamental understanding of the mechanism
of small crack growth. Nevertheless, due to the observed insensitivity of
small crack growth to microstructural variations, the coarse grained results
from Section 7 are assumed to apply to the analysis of the necklace Astroloy
rig tests. However, since large crack growth rates have been shown, both in
Section 4 and elsewhere [9.1-9.3], to be sensitive to microstructure, the data
from Section 4 were used in making the large crack predictions. Specifically,
the large crack data of Figure 4-14 and Figure 4-21 were used for the large

crack predictions in necklace Astroioy and in Waspalony, respectively.

Biscs in the rig tests were typically cycled at zero-maximum-zero speed
over a period of 12 seconds, thus the appliied load ratio was near zero and the

nominal cyclic frequency was 5 cpm.

The calculation of applied »K for use in tgs. (3-6) and (8-7) were hased
on Pickard's [9.4] stress intensity factor solutions for corner cracks ano

surface cracks, and incorporated disc stress distributions whirh accounted for
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residuai stresses imparted during manufacturing, particularly those generated
by bheagt treatment. The 4naiysis fechriayes used have been previously
validoted against rig tests whish contained preintroduced (large) cracks of
known nitial size [9.81  Severa: disc features were analyzed -- that is
bores, diaphrams snd bolt holes -- depending on the location in the disc where

the particular failure originated.

Since none oi the discs inalyzed were precracked, the 1-itial crack size
was assumed to be either a semicircular corner or surface crack having the
radius or the average 4rain size o “he material -- that is, 40 um for both
Wespalcy and astro. “his i3 cersidered a physically realistic lower limit
of the intagration since crguk Jrowth across the initial grain was rarely
observed in the sma'l crack exper "ents. In cne instance, failure in an
Astroloy disc cleariv origirated 7-om a 60 um ceramic inclusicn, located near
a free surfaca. Thi. particuidr 3efel’ was idealized as a 90 .m surface crack
based un its nedar-surtace 'occeadden ond the fact that little or no initiacicr
1ife was expertea,

With regard to the implementation of the phenomenological model for the
growth of sma'! cracks, the transition between small and large crack behavior
was made at a transiiion aky. definec by Eq. (8-8)

9.2 Comparison gi Predicted Versus Measured Disc Lives

The ratias of opredicted tn measured lives for all of the discs analyzed
dre summarized in Figure ¥-i. The iife ratios labeled "Small Crack" were
obtained using small c¢rack kiretics velow 6Ky, and large crack kinetics above

8Ky ., whereas those labeled "large (rack" were obtained using the large crack
kinetics thraughout the computation. As one might expect, the small crack
predictions g'.e - oncisterily smailer life ratios than do the large crack
predictinong, althajh *tre ratotive difference between the two sets of predic-

tions varies greati,, depending or ‘he particular case analyzed.

On average, the life ratin for the small cCrack predictions was 0.77.
s ovatlue s consistent with the Cact that crack initiation undoubtedly con-
trihutetr to the measured cyclic iives, but was was not included in the
predictions, ror roxample, for actual discs the initiation 1ife has been
estimated to he betseen 5 percent and 10 percent of the total fatigue life

i2.00  An average life ratino n ihe rase of the large crack predictions is
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somewhat more difficult to interpret due to the large overprediction which
occurred for the case of the Astroloy diaphragm cracks at 200°C. Excluding
these overpredictions gives a life ratio for the large crack predictions of
1.0, however, including the overpredictions gives a life ratio of between 26
and infinity. The uncertainty in the latter value arises from the fact that
the long crack predictions in the case of the Astroloy diaphragm crack at
200°C predicted a life which was several orders of magnitude larger than the
measured life since the initial 4K in the computation was less than the
measured AKth value for necklace Astroloy. Overall, the small crack
predictions appear to provide a more realistic view of the behavior of the
rig-tested discs.

The actual predicted versus measured lives are compared in Figure 9-2.
As indicated, most of the predictions are within a factor of +2 of the
measured lives. The shortest Tife was for the case of bolt hole cracking in
Astroloy at 600°C and was due to the presence of a near-surface 60 .m ceramic
inclusion. The longest life was for one of the diaphram cracks in an Astroloy
disc at 200°C. In general, these results show that the deviation between the
small and large crack predictions increases as the life increases. This is
not surprising since the lower stresses, and associated stress intensity
factors, for these cases cause more crack growth to occur below AKtr in the
small crack model. The major deviations are therefore associated with the
marked reduction in the growth rates of the large cracks as the long crack
threshold is approached.

In order to further examine the influence of the large crack threshold
on the predicted lives, selected discs were analyzed using the measured long
crack growth rates above about 1076 mm/cycle to obtain a power law relation
which was extrapolated below AKth. In other wards, the near-threshold
behavior was ignored and a simple Paris law was used to describe the growth
rates. These results, labeled "Large/no AKth", are given in figure 9-3 where
they are compared with the previous small and largqe crack predictions.
Although the Large/no AKth predictions still overpredict the measured lives,
the deviation is now only about a factor o’ two. Thus, it appears that a
first order engineering approximation for small crack effects can be obtained
by simply ignoring the long crack thresholu and using a simple Paris Llaw to
describe the fatique crack growth kineti:s, The utility of this approach as
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well as the viability of the phenomenological small crack model is further
discusses further in Section 10.
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10. DISCUSSION

Based on the metallography, selected area electron channeling, and
fractography of Section 6, it appears that small and large cracks in Ni-base
superalloys grow by a similar mechanism. The electron channeling patterns
from within individual grains of Astroloy containing small cracks showed that
the preferred crack plane was (111}. These results are in agreement with
those of Beevers [10.1] on small cracks in Astroloy obtained using the same
technique. Moreover, this preferred cracking orientation is consistent with
that which has been determined for large cracks using a variety of techniques
[10.2-10.6]. These results are alsoc consistent with the slip character of Ni-
base alloys, as well as the crystallographic facetting observed on the frac-
ture surfaces of both small and large cracks. Furthermore, the fracture
morphologies for small and large cracks also exhibit the same temperature and
applied stress dependence. Thus, it appears that the mechanism of crack ex-
tension in small and large cracks is fundamentally the same and that apparent
differences in their kinetics, when expressed in terms of aK, are due to
differences in mechanical driving force and not to actual differences in their
mechanism of extension.

The local crack-tip deformation and crack closure measurements of
Section 7 provide a direct means of assessing those processes which influence
the crack driving force for small cracks. Based on the ratio of crack size to
plastic zone size (typically, a/rp = 1 to %), it is clear that the linear
elastic fracture mechanics (LEFM) concept of small scale yielding (SSY: a/rp
>50) [10.7] does not hold for small cracks. As evidenced by the data obtained
on CG Astroloy at room temperature, SSY can even be violated when the applied
stress is less than the materials yield strength. Violation of the SSY con-
dition is consistent with enhanced crack-tip strains and altered strain dis-
tribution exhibited by small cracks, relative to those which exist at large
cracks at the same aK. In view of this situation, ‘t is not surprising that
the crack closure behavior of small and la~ge cracks differs so significantly,
as shown in Section 7.4. In addition to these effects, small cracks in coarse
grained Ni-base superalloys also exhibit significant mixed-Mode displacements
due to their preferred cracking planes within the crystallite. This effect
also needs to be included in the crack driving force for small cracks.



As demonstrated in Sections 7 and 8, local cyclic CTOD measurements
appear to capture all of the above effects. Thus, converting these local CTOD
measurements to aJ, or equivalently to AKeq, provides a measure of the crack
driving force which results in crack growth kinetics which are independent of
crack size, within experimental scatter (Section 8.3). These results also
provide insight into why previous attempts to explain small crack effects
solely on the basis of crack closure have met with limited success [10.8-
10.11}. In these instances, it was generally assumed that the growth of small
cracks was a closure-free proce.s. This view probably developed due to the
fact that remote compliance measurements were of insufficient precision to
detect crack closure in small cracks. Consequently, the primary difference
between small and large cracks was attributed to the closure which occurred in
large cracks, and was measurable by remote techniques. In view of the current
results, it is clear that the erroneously neglecting crack closure in small
cracks is approximately offset by erroneously neglecting the plasticity con-
tribution to the crack driving force. When crack closure is more precisely
measured -- as in the present study, or in a parallel study [10.12] -- it is
found that AKeff only partially accounts for the observed crack size effects.

As indicated in Section 8.2, the current version of the phenomenological
model for the growth of small cracks suggests that the transition from "smali"
to "large" crack behavior occurs at a specific value of sK, termed aKi.. This
concept is inconsistent with the popular view that this transition should
occur at a given crack length, &,.. However, in spite of numerous attempts to
precisely define A ps this gquantity remains elusive -- for example, see
Refs. [10.13-10.15]. This situation suggests that the transition from “smali"
to "large "crack behavior may depend on additional factors. Ffor example, in
light of the current results, it is conceivable that a;,. could also depend on
the extent of the plasticity contribution to the crack driving force (AKp), as
well as the relative closure characteristics of small and large cracks

(s and aK respectively) -- all of which can differ significantly with

cl
material and applied stress level.

With regard to the influence of applied stress level, it should alsc be
pointed out that one limitation of the current version of the proposed
phenomenological model is that aK. is taken to be constant at about 3 MPa.m.

p

Intuitively, it seems that pr should be a function of the applied stress
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range (AS), and perhaps the lcad ratic (R). Unfortunately, we currently have
insufficient data to define this functional relationship. Assuming AKp =
Kp(AS, R) then it is also likely that Ky = 8K; (88, R). In order to verify
this additional experiments, conducted at higher stresses and under strain

controlled conditions, would be required.

In spite of the above limitations, the proposed phenomenological model
is capable of providing more realistic predictions of component life than the
classical LEFM approach in which crack growth kinetics are defined in terms of
da/dN(aK) and aK¢n. These results raise important questions regarding the
usefuiness of Jlarge crack threshold data for fatigue 1life assessment in
situations where cracks initiate and grow from a free surface.

The utility of AKgp can also be questioned tased on the fact that it can
be extremely irreproducible under certain conditions. This is particularly
true for Ni-base superalloys at room temperature where sK,, values can range
from about 7 to 20 MPasm with significant differences also occurring in crack
growth rates to aK values appreciably above Ky, [10.16-10.18]. Although the
data generated in the current study suggest that this var.aticn in 8Kepy 1S
sensitive to grain size, other studiecs have reported fatigue crack growth
rates in Astroloy to be insensitive to grain size [10.16]. Interestingly, the
current study found that this irreproducibility disappears at elevated temper-
ature (Section 4), thereby suggesting that it may be related to the extremely
rough fracture surfaces and associated roughness-induced crack closure which
develop at room temperature. This view is consistent with reported dif-
ficulties in the use of the compliance technique to monitor fatigue crack
growth in Al-Li alloys which also develop extensive roughness-induced crack
closure [10.19-10.20]. Such difficulties may contribute to the recently re-
ported geometry dependence of near-threshold fatigue crack growth rates in Ni-
base superalloys [10.21], since remote crack closure measurement are known to
be geometry dependent [10.22].

Roughness-induced crack closure 1is also largely responsible for
microstructural effects in the near-threshold fatigue crack growth rates of
large cracks [10.23-10.25|. In the case of small cracks where crack closure
is reduced due to the larger crack openings, the fatique crack growth rates
become relatively insensitive to microstructure, as discussed in
Section 5.6.3. Thus, over-emphdasis of the near-threshold large crack data can

- e w——-



result in improper alloy selection. For example, this appears toc have peen
the case in Astroloy where the necklace microstructure, having dupiex grain
sizes of 5 um and 40 um, is commoniy selected over a finer grained variant
based on a comparison of their large crack growth rates in the near-threshold
regime. In retrospect, the fine grained alloy would appear to have been the
better selection based on the insensitivity of small crack growth rates to
microstructure, combined with the superior strength and crack initiation
resistance of fine grained alloys.

The results of the current study serve to establish the utiiity of AKeq
as a driving force for the growth of both small and large fatigue cracks.
Ideally, one would like to compute the local value of AKeq using the applied
AK as prescribed boundary conditions. In theory, it is possible to model the
mixed-mode, elastic-plastic crack growth process under cyclic loading using
numerical analysis. In fact, such techniques have been used to model aspects
of the problem. For exampie, the finite element technique has been applied to
the analysis of anisotropic effects in surface cracks (see the Appendix) and
atigue cracks [10.26 10,29}, while the boundary
integral equation technique has been applied to the anaiysis of cracks in a
previously existing plastic field {10.30). However, due to the complexity and
corresponding cost of such anmalyses only selected cases can be analyzed.
Consequently, these resuits are essentially numerical "experiments" and thus
are difficult to ceneralize.

Simpler analyses, such as those based on the Dugdale-Barenblatt
idealization, provide a viable alternative to numerical analysis. These have
served to enhance our understanding of fatigue crack closure in large versus
small cracks [10.31,10.32], and interactions of small crack with the material
microstructure (10.33,10.34]. One of the latter cases {10.34] is particularly
relevant to the current results in that it elucidates the contributions to ;KD
from variations in the yield strength of individual grains due to their
crystallographic orientation. However, one of the practical limitations cof
Dugdale-Barenblatt type models is the fact that the snlutions become unbounded
when the applied stress equals the m-terials yield strength. Unfortunately,
this is the region of greatest practical interest -- both for analysis of
elevated temperature specimers and for application of results to [life
prediction in turbine discs.
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11. CONCLUSIONS

Small cracks in all three alloys were found to initiate within slip
bands, however these were sometimes found to emanate from pores,
particularly in FG Astroloy. Selectej area electron channeling patterns
on grains containing room temperature cracks in CG Astroloy showed that
the formation of small cracks occur preferentially on {111} planes, as
might be expected based on the slip character of this material.

The classical small crack problem occurs at elevated temperature (200°C
to 600°C), as well as room temperature, in Ni-base superalloys, thus the
phenomenon can be of practical significance.

Based on the similarity in the fracture surface morphology of small and
long cracks as a function of temperature and applied stress, it is
concluded that the mechanism of crack propagation is similar in both
cases, thus crack size effects are attributed to differences “n
mechanical driving force.

The crystallographic nature of crack growth in small cracks in Ni-base
superalloys leads to mixed-mode displacement of the crack faces. The
degree o0f mixed-modeness depends on the specific orientation of the
crack relative to the loading axis and on the magnitude of ak.

The kinetics of small crack growth at both room temperature and 600°C
are not measurably different in Astroloy and Waspaloy having similar
grain sizes (30 um versus 42 um, respectively) indicating an insen-
sitivity to alloy composition and microstructural deitails. In contrast,
Timited data at 600°C in FG Astroloy did not exhibit the classical small
crack effect and were found to grow significantly slower than small
cracks in CG Astroloy.

Strain fields at the tips of small cracks in all three alloys and over a
range of temperatures was surprising homogeneous, relative to the slip
character of these alloys, indicating that multiple slip occurs in the
highly strained crack-tip region. Consequently, the measured strain
fields provide no clue as to why crack growth occurs on a particular
crystallographic plane.

The ratio of crack size to measured crack-tip plastic zone size (a/rp)
was found to range from 1l to 5, conseguently the linear elastic fracture
mechanics concept of small scale yielding (a/rD > £50) did not hold for
most of the small cracks examined,
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Although the crack opening displacements of both small and large fatigue
cracks exhibit the same /r-dependence as predicted from elastic theory,
meaningful AK values cannot be determined by combining these
measurements with the elastic displacement equations for a static crack.
This dichotomy is believed to be caused by cyclic plasticity at the tip
of a fatigue crack which generates a local stress field which differs
fundamentally from that found by either elastic or plastic analysis of
monotonically-loaded stationary cracks.

Significant crack closure occure in both small and large cracks,
although its magnitude and dependence on fatigue loading variables
differs in each case: I[n long cracks aK.y = Kj(1 - R), whereas in small
cracks AKC] = asK, where Kc and o are material constants.

Formulating the driving force for the growth of fatigue cracks in terms
of aKg which accounts for crack closure, plasticity and mixed-modeness
in sm;ﬂ] cracks, and crack ciosure in long cracks, results in crack
growth kinetics which are independent of crack size.

Using a phenomenological model for the growth of small cracks based on
the above results gave better predictions of disc lives compared to
conventional linear elastic fracture mechanics and long crack data. The
latter approach can significantly overpredict disc 1life due to the
misteadingly high 4Ky, values exhibited by large cracks, compared to
those in small cracks.

The near threshold crack growth rates exhibited by large cracks are in
general not applicable to 1ife prediction of actual components and
furthermore can lead to improper material selection.
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APPENDIX
FINITE ELEMENT ANALYSES IN NON-ISOTROPIC MATERIALS

Linear elastic fracture mechanics has been found to be applicable to
the prediction of fatigue crack propagation behavior in most gas turbine disc
materials where the crack in question is long compared to material micro-
structural dimensions. An investigation has been undertaken to identify
whether linear elastic fracture mechanics can be used to correlate short crack
growth behavior when account is taken in the fracture mechanics solutions of
material anisotropy and inhomogeneity. This has been achieved by constructing
20 and 3D finite element models of cracks in anisotropic bodies and of cracks
in Yocal regions of anisotropy within an otherwise isotropic body. The latter
case represents a crack growing within an ‘ndividual microstructural unit,

This appendix describes the method developed for the calculation of
crack tip stress intensity factors for anisotropic materials. The first part
of this appendix covers work on 2-dimensional models while the remainder
covers the subsequent work which developed the method for 3-dimensional models

with Tocal anisotropy.

A.l Two-0imensional Finite Element Models

A two-dimensional model was constructed using 8 node isoparametric
guadrilateral plane strain elements, Figure A-1. The principal model
consisted of a 2 inch (50.8 mm) perpendicular, edge crack contained within a
4 inch (101.6 mm) square region of anisotropic material. The remainder of the
52 inch (1320.8 mm) x 20 inch (508 mm) specimen was assumed to be isotropic.
Since the analyses were linear elastic, the scale of the model was

unimportant. Additional results were obtained for the cases where the whole
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of the model was anisotropic or isotropic. The relative dimensions of the
model were chosen to allow comparison of the calculated stress intensities
with published results for the isotropic case {A.l]. The crack tip elements
were isoparametric quadrilaterals degenerated to 3 sides and 6 nodes with the
mid-side nodes closest to the crack tip moved to ihe quarter point position to
mode! the elastic singularity. The detail close to the crack is shown in
Figure A-2. The model was elastically loaded by a fixed displacement of the
top and bottom edges thereby preventing rotation.

The anisotropic region was modelied with the elastic properties of
SRR99, a single crystal nickel base turbine blade material. The isotropic
material was represented by MAR-M-002, an equiaxed nickel base turbine blade
alloy of a similar composition to SRR99. These materials were chosen because
of the availability of elastic property data. 1[It is expected that the ratio
of anisotropic tc isotropic elastic properties for a disc alloy such as
Waspaloy will be similar to those considered for SRR99 and MAR-M-002. The
elastic properties at 20°C used in the models are given in Table A-1.

The finite element models were run using the MARC program, level K1.3.

A.1.1 Elastic Properties of Rotated Anisotropic Material

SRR99 is a face centered cubic nickel base material. Considering

Hooke's Law in a generalized form.

C..E, (A-1)
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TABLE A-1

ELASTIC MATERIAL PROPERTIES

ANISOTROPIC MATERIAL
(SR99 at 20°°C)

ELASTIC STIFFNESS GPa
=250

=156
=115

C11

C

C12
56

ISOTROPIC MATERIAL
(MAR-M-002 AT 20°C)

YOUNG'S MODULUS E=227.5 GPa
POISSON'S RATIO v=0.3
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Provided the axes of elastic and global material symmetry are coinci-

dent, the elastic stiffness matrix can be represented by three

values,

€y =

Al

Typical values of Cij for SRR99 at 20°C are given in Table A-1.

= Cp2 = C33

= 013 = (g3

= Co5 = Cop

= Cji

other cij =0

independent

In the case where the global and elastic material axes are not coinci-

dent, the form of Hooke's Law for a material such as SRR39 which exhibits axes

of symmetry of order 4 reduces to a stiffness matrix with 7 independent con-

stants.

T
yz
T2x

Txy

sym

;3 O

Ci3 O

C33 O
Caq

A-6
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The full 6x6 3-dimensicnal form of the stress-strain ielationship has
been considered to allow the computer code written for rotation to be used for
3-dimensional models.

To obtain the global elastic properties of a region of anisotropic
material with known local-properties, the following transformation was
performed. The conventions observed are given in Figure A-3.

Within the local system.

e = [Slo

Within the global system

e' = [S§']¢'

and the elastic compliance matrices (S| and [S'] are related as follows

[s'] = NISINT

Where [N] is given by

2 2 2
[ @y B Yy Bimy Y191 a8y 1
2 2 2
P 85 Y2 BoY, \PL a8,
2 2 2
ajy Bj Y3 B3Ys Y32, SELE

20203 28Ry 2vyvy BovytBaY,  Yoagtvja,  anBivagB,

20307 2B3B)  2vyvy ByY3*Byyy  Yjagtvza; a BatagB)

2090, 2838y 2vyY, BiYa*BoYy Yjaptyya;  aBotanB,

A-7




FIGURE A-3.

—— X

X

Rotation of Elastic Constants

A-8

Global

Local



where a, , &, and y' are the direction cosines of the angles relating

the global system to the local system as follows

x a 81 Yy X
Yy = as 82 Yo Y
2 a3 B4 Y3 z

For the 2-dimensional model considered, the matrix of direction cosines

is given as follows.

( C S 0
-5 C 0 ; C = Coss
{ 7 S = Sinsg
0 0 1]
where {N] is given by
[ 2 s? o o o sc|
s? 2 0 0 0 -sC
0 0 1 0 0 0
0 0 0 c -S 0
0 0 0 S o 0
i -28C 25C 0 0 0 1 ]

The variation of the elastic stiffness ror SRR99 versus rotation of the

property axes about the common z axis is shown in Figure A-4.

A.1.2 Calculation of Elastic Strain Energy Release Rate 'G' using MARC

The elastic singularity alL the crack tip was modelled using singuiar
isoparametric elements with quarter point mid-side nodes [A.2]. MARC has the

facility to determine the strain energy difference by means of a differential
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stiffness caiculation for a pre-defined crack advance [A.3]. The finite
element model with the perpendicular edge crack was run with rotated local
anisotropy, rotated whole model anisotropy and complete isotropy. The values
of 'G' for the colinear differential crack advance and the remote stress

derived from the MARC program output are given in Table A-2.

A.1.3 Plane Elastic Anisotropy

Plane problems in terms of Hooke's Law are reduced to a form involving

a maximum of six independent elastic constants.

S o

x 11 12 16 %
€y 1 S21 S22 Sps Oy
Yxy Se1 562 Ses J Txy |

where Sij refers to either the plane stress compliance aij or the plane strain

compliance bij' The relationship between aij and bij is given in Table A-3.

The method employed for the consideration of anisotropic elasticity was
outlined by Sih et al [A.4]. The analytic functions required for the
expressions describing stresses and displacements require parameters which are

the conjugate pairs of roots of the following characteristic equation.
4 3 2 -
Sllu - 2516u + (2512 + 566)u - 2526“ + 522 = 0 (A—3)

The general expressions for stress and displacements in a small region
around the crack tip for the symmetric and skew symmetric loadings dre as
follows, where r is a radial distance from the crack tip rotated at an

angle & anticlockwise from the colinear crack direction.
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TABLE A-3

RELATIONSHIP BETWEEN PLANE STRAIN (bjj) AND
PLANE STRESS (ajj) ELASTIC COMPLIANCE

Plane strain: bij

Plane stress: aij

2
b = 11733 7 %13 b = p.. = 12233 7 %13%23
11 - N 12 P21 2
33 33
8,31, - Anq° A,.3q, - 34,3
b = 022%33 7 %23 b = p.. = 216733 7 #13%36
22 N 16 - 61 z
33 33
A, 8q, - Ayc° a,cd5, - 35,3
b = 266233 © 936 b = p.. = 26933 7 323736
66 a 26 © 62 2
33 33
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Symmetric Loading

5 = 1
X /(2wn)

K

5 = 1
Y J(2nr)

T = Kl
XY /(2mr)

i ]
Hil u Y
Re 172 2 : - 1 : )
L Hy=Hg /(cose+u251ne) /(cose+u131ne) J
[ 7
1 u u
Re ( 1 - - 2 )
L My -u, /(cose+u251ne) /(cose+ulsine)‘
-
TORT 1 1
Re 172 { - )
] Hy=us /(cose+ulsin6) /(cosa+u2sine)

Displacements parallel and perpendicular to crack face.

Kl/(zr) 1
u = T Re (ulpzl[cose+pzsine] - uzpl/[cose+ulsine]
i NI'UZ
L
r L]
K1/(2r) 1
v = Re (ulqz/[cose+uzsine] - uquJ[cose+ulsine]
() ul'U2
Skew-Symmetric lLoading
r 2 2 i
K Ha M u H
o, = 2 Re 172 ( 2 - 1 |
J{(2nr) H.-u /{cos8+u.,sing) v/ (cos8+yu,sing)
L FiTH2 2 1 ]
KZ 1 1 1
Oy = Re ( - )
/(2nr) TP v(cos8+u.sine) /(cos8+yu,sind)
| H1TH2 2 1 )
r J
Txy = Re { - )
/(27nr) ] Hy~Hsy /(cose+ulsin6) ./(cos6+uzsi.ne)‘|
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Displacements parallel and perpendicular to crack face.

K,/ (2r) 1 )
u = _7?;7__ Re - (pz/[cose+u251ne] - pl/[cose+ulsine])
[H17H2 ]

.
Kz/(Zr) 1
£ —  Re
J(m) My=H,

<
I

(q,/[cose+uzsin6] - ql/[cose+ulsine])

- 2
Py = S11 M5 * S13 - Sig¥y

qj = slz uj + (Szz/u]') = st

For mixed mode conditions, the strains energy release rate for colinear

crack extension is given by

2

S K U, tu S K
G = 22 1T pofy 172,711 M1 Im[u1+u2]
2 My Mo 2
(A-6)
1
+ —E_ KI KII 522 Re{l/(uluz)] + sllIm(uluz)}

For the orthotropic case when the crack lies in a plane of symmetry, both
Re(i/ulpz) and Im(pluz) equal zero and the modes of cracking are independent

and can be written as follows.

s s 1% ¢ }
+ S
G = KIZ 11722 (S-~/S )Q + 2812 66
5 22/811)7 T
J 11
S [ é
2 211 i 2312 + 566
YR T 0S80 ¢
V32 2511
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The values of Ko W2 and the relevant functions of u and Mo for the elastic
conditions considered are given in Table A-4,

Because of difficulties encountered in solving simultaneously for K1
and Kyp by the method of differential crack advance, although this has been
done for isotropic materials [A.5], attention was given to the method of
displacement extrapolation.

A.1.4 Displacement Extrapolation for Calculation of KI and Kp|

For a small region surrounding the crack tip, the expressions for
displacements parallel and perpendicular to the crack face have been given,
Eqns. (A-4, A-5). Putting 8 = 180 degrees such that 'r' lies along the crack
face modifies those expressions as follows.

Symmetric Loading

u = KI/(?.r/n) Re i (Ulpz = uZpl)
u -
- 1 2 -
(A-7)
v = KI/(2r/n) Re f (u1q2 - uqu)
- ul u2 -l
Skew Symmetric Loading
u = KII/(Zr/v) Re i (p2 - pl)
. ul u2 -
(A-8)
[ , ]
v o= KII/(Zr/n) Re i (q2 - ql)
| M1 T M2
=1 2 i
Py = Syp B3 + 815 - S15 4y
9y % S12 M3 * Sy T Sy
!
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Summing the corresponding displacement above for the symmetric and skew
symmetric cases gives the displacements for the mixed mode condition.

Substitution of the isotropic properties into those expressions leads to the

following.

2

c
1

KII/(Zr/ﬂ)(Zsll) i S = 1- v

11 for plane strain

E

— 1. 42 :
KI/(Zr/n) (2 822) : 522 =1- v for plane strain

<
1

E

Calculation of the relative movement of opposite pairs of crack face nodes
along and normal to the crack plane and their substitution into the
displacement Equations (A-7,A-8) will lead to values of Ky and Kip at
distances 'r' from the crack tip. Extrapolation of these values to r = 0
gives the crack tip Kp and Kyg.

To allow a comparison Letween the calculated K values for isotropic
bodies and those published [A.1], K has been normalized with respect to Ko =

o/inai

v

remote stress

a crack length

The values calculated for K and K/Ko are given in Table A-5. The
result for the isotropic case is within the bounds expressed by Rooke and
Cartwright [A.1], i.e., , 1.180%0.047 max.

A.1.5 Crack Extension and Branching

The extension of a crack within a single crystal material cannot be
assumed to lie perpendicular to the remote stress direction or colinear with

the original defect. Putting aside the crystallographic nature of mixed mode
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single crystal cracking, consideration has been given to the hypothesis that
crack propagation will occur in a radial direction in which the elastic strain
energy release rate is a maximum. The value of 'G' for a radial crack advance
has been calculated by two methods: (a) differential crack advance within the
finite element program, and (b) use of rodal displacements from the finite
eiement program output to supply stress intensity factor:c 2nd hence ' for
crack branching.

The differential crack advance technique was used for the models with
local ar.isotropy rotated by 30G° and O0°. The nodal advance used in this
technique is shown in Figure A-5,

The method using nodal displacements involved angular stress intensity
factors k. The convention used is given in Figure A-6. [t was suggested
[A.6] that at crack branching initiation, the angular stress intensity factors

are given by

1
kI = ; cos(e/2)[ KI(l + cose) - 3KII sing ]
(A-9)
1
kII = ; cos(98/2) KI sine + KII (3 cose - 1)

Using the values for K; and Kyp obtained from the displacement
extrapolation method, k; and kp; can be calculated from Egn (A-9).
Replacement of K by k in Egn. (A-6) gives 'G' for values of crack branching
angle, (A.7]. This method has the advantage that only a single run of the
finite element model is required.

In order to justify the use of the displacement extrapolation/angular

stress intensity method, the results of a comparison between that method and

A-19
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FIGURE A-6.

Definition of Angular Stress
Intensity Factors
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the differential crack advance method, for local anisotropy rotated by 30° and
0°, is shown in Table A-5. The results are plotted in Figure A-7. The sets
of curves for 'G' versus branching angle for the models considered are given
in Figures A-8 and A-9.

A.1.6 Angled Edge Crack Models

As an introduction to the modelling of angled edge cracks, results
previously calculated by the method of displacement extrapolation for an
isotropic material were used to determine the strain energy release rate for a
range of crack branching angles. For cracks angled at 30° and 45° to the
direction perpendicular to that of loading, the maximum values of 'G' were
obtained for crack branching angles of -30° and -40°. Using the values of Ki
and Ky obtained by the method of Hellen and Blackburn [A.5] intensity factor
method gave a crack branching angle of -44° for the 45° edge crack model.

A.1.7 Discussion on 2-Dimensional Analyses

As shown in Figure A-7, the angular stress intensity factor method gave
results very similar to those obtained by the method of differential crack
advance. The former was favored because of the advantage of requiring only a
single program run for each model.

Rotation of local anisciropy and complete model anisotropy gave maximum
strain energy release rates at, or within 4 degrees of the colinear crack
direction using LEFM. On the basis that for homogeneous isotropic materials
crack propagation is suggested to occur in the direction of maximum 'G', the
present work indicates that <crystallographic mixed mode fracture in
anisotropic regions cannot be predicted by energy considerations. However,
the method developed is capable of determining the crack tip stress intensity

factors Ky, Ky and, for 3D cases Kyrp and the strain energy release rate for

A-22
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a crack extensfon on a particular crystallographic plane. Although K is
preferred for the correlation of fatigue crack propagation, questions arise as
to its suitability and consideration should be given to local crack tip
sensitivity during mixed mode fracture, the involvement of local shear strain
and whether the possible significant crack tip stress system affects the
assumed material homogeneity. Use of K[I or KIII as a correlating parameter
for shear type fracture may, however, be possible.

A.2 Three-Dimensional Stress Intensity Factors for Cracks in Locally
Anisotropic Material

This section describes the method used for the calculation of crack
front Stress Intensity Factors in 3-dimensional 1locally anisotropic
materials. Two finite element models have been developed, an angled edge
through-crack and a semicircular surface crack in uniaxially loaded
rectangular prismatic blocks. The models were considered isotropic for
comparison with published results and then modified so that the crack was
contained within a region of local anisotropy to simulate the structure
sensitivity experienced by small cracks. The method of calculation described
can be applied to the edge and semicircular surface cracks for any orientation
of crack and material anisotropy.

A.2.1 Three-Dimensional Finite Element Models

Two finite element models were constructed using 20 node isoparametric
brick elements. The crack fronts were represented by 20 node isoparametric
brick elements with one face degenerated to create 15 node wedges. The
elastic singularity at the crack front was represented by movement of the
midside nodes closest to the crack front to the quarter point position,
Figure A-10. The quarter point node coordinates were computer generated using
FORTRAN Code written specifically for this work. Both models were developed

using PATRAN, a finite element pre/post processing package.
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FIGURE A-10.

Crack line /

30 Brick Quarter Point Crack Tip Element Configuration
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The linear elastic models were uniaxially loaded by a fixed uniform
vertical displacement of the top face nodes, zero vertical displacement of the
bottom face nodes and a limited number of horizontal nodal zero displacements.

A.2.2 30 Degree Anqled Edge Through-Crack Model

Figure A-11 shows the 48 finite element mesh of the mode} and an
enlarged view of the region of local anisotropy. The crack was angled at
30 degrees to the horizontal X' axis. The relative dimensions were chosen to
allow comparison between the calculated and published stress intensity results
for the completely isotropic case.

A.2.3 Perpendicular Semicircular Surface Crack

Figure A-12 shows the 404 finite element mesh of the model and an
enlarged view of the crack in relation to the bottom half of the region of
Tocal anisotropy. The angle of the crack and the relative dimensions of the
model were chosen to allow comparison between the calculated and published
stress intensity results for the completely isotropic case.

A.2.4 tlastic Properties Of Models

As with the 2-dimensional models, the anisotropic regions of the 3-
dimensional models were represented by SRR99, a single crystal nickel base
turbine blade material. The isotropic material was represented by MAR-M-002,
an equiaxed nickel base turbine blade alloy of a similar composition to
SRR99. The elastic properties at 20°C of the two materials used in the models
are given in Table A-l.

The finite element models were run using the MARC program, level K1.3.
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A.2.5 Crack Orientation Within Anisotropic Region

The models with local anisotropy were designed to consider a crack
along a locally oriented (111) crystallographic plane. The direction of crack
advance perpendicular to the global Y'Z' plane was taken to be the locally
oriented (iI0).  Figures A-13a and A-i3b show a general and plan view
respectively of the semicircular crack in relation to the low index axes of
local anisotropy. An identical relationship was assumed for the angled edge
through-crack model where the crack front was parallel to the global Y'(!
plane and perpendicular to the local (110) direction.

Figure A-14 shows how the orientation of a semicircular surface crack
was defined in terms of the global coordinate axes of the model. The
orientation defined in Figure A-14 can be applied to the edge through-crack

with the angle s = 90° across the crack front.

A.2.6 Elastic Properties Of Rotated Anisotropic Material

MARC, the finite element package used for the analysis, has the
facility to orient the elastic stiffness matrix. However, because the
calculations of the stress intensity factors required a knowledge of the local
elastic compliance along the crack front, the rotation of anisotropy was
performed by computer programs written for this work.

To obtain the global elastic properties of a region of anisotropic
material with known local properties, the transformation described in Section
A.1.1 was perforied. The conventions observed for the rotating coordinate

systems are given in Figure A-15.

A-32




TR T T Ty T ey

aue|d XOeJ4) 03 UOLIR|3Y UL SBXY X3pu] MOT “EI-Y JYNIIJ

qacT-v

[0L4)

(q

auoid 7 A 10qo)b
ut s31) un

{141} Jo uoyd

(411) auojd 04

A-33




.

iy ey

in {111) plane of crack,

local \

global

FIGURE A-14. Crack Orientation
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FIGURE A-15. Rotation of
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A.2.7 Three-Dimensional Elastic Anisotropy

Provided attention is restricted to a sufficiently small region around
the crack front, problems involving elastic anisotropy can oe reduced to a sum
of the plane and antiplane solutions. The method used for 3-dimensional
elastic anisotropy was derived from the solution to plane problems described
by Sih et al [A.4]. Referring to the notation given in Figure A-16, the
analysis of the plane problem assumed the r axis to be parallel to the leading
edge of the crack and the p and q axes to be parallel and normal to the crack
surface with the pq plane being a plane of elastic symmetry. For the
semicircular crack, the axis p was an extensicn of the radius of the
semicircle aid q was the (111) direction.

Plane Elastic Anisotropy

The stresses and displacements close to the crack front for plane
symmetric and skew-symmetric loadings are given in Section A.1.3. Figure A-17
shows the notation used for plane extension.

Antiplane Elastic Anisotropy

The analytic functions required for the expressions describing stresses
and displacements require parameters which are conjugate pairs of roots of the
following characteristic equation.

a =0

2
554 - 23554 * A
The expressions for stress and displacement in a small region around
the crack tip for the shear loading are as follows, where r is a radial
distance from the crack front rotated at an angle ¢ anticlockwise from the

coplanar crack direction.
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Antiplane Shear Loading

K M
S £+ E 3
V(2nr) /(cos® + ,Sine)
. Ki11 !
“vz = ———— Re
J(2nr) /(cose + u3sine)

Displacement parallel to the crack front is given by
2 .
W= Kigy (2r/n) /(24855 - 345°) IM[/(Cose + u3s1ne)] (A-10)

A.2.8 Displacement Extrapolation For Calculation of KI, KII and KIII

For a small region surrounding the crack tip, the expressions for
displacements parallel and perpendicular to the crack face and parallel to the
crack front have been given, Eqns. (A-4,A-5,A-10). Putting 6 = 180 degrees
such that 'r' lies along the crack face modifies those expressions as follows

Plane Symmetric Loading

_ . 1
i
u = Kl/(Zr/ﬂ) Re — (ulpz - uzpl)
L pl uz ]
(A-11)
-
i ]
v = Ky/(2r/m) Re| ——— (Mydy = Hp9y)
| M1 T M2 J
Plane Skew Symmetric Lg_a_gllgﬂ
i
u= Kll/(Zr/n) Re — (p2 - pl)
i ¥y My ]
. (A-12)
i ]
Ha = WU
| 71 2 j
P. = S, u.l + S, - Sy.u
p 11¥4 12 16¥5

qj = Slzuj + (szz/uj) - 526
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Antiplane Shear Loading

2
44355 ~ 345°)

Summing the corresponding displacements above for the symmetric and

W = Klll /Zr/ﬂ) /(d

skew symmetric cases (gives the displacements for the mixed mecde plane
condition. Equations (A-11) to (A-13) can be reduced to the isotropic case by

substitution of the following values.

Hq Hy = i

S16 = s26 = 245 = 0
S11 = 522 = (l-vz)/E ; Plane strain
S12 = ~v(l+v)/E ; Plane strain

44 T qgg = 2(1+Vv)/E

u = 251l Kyq V(2xr/Tm) (14)
v = 2522 Kl J(2r/7m) (15)
w = as Klll Y(2r/w) (16)

Calculation of the relative movement of opposite pairs of crack face
nodes parallel to the normal, the binormal and the tangent to the crack front
(pgr in Figure A-16) and their substitution into the displacement Equations
(A-11) to (A-13) will give values of Ky, Kyp and Kyqp at a distance 'r' from
the crack tip. Extrapolation of these values to r = 0 will give the crack tip
stress intensity factors K.

A.2.9 Elastic Strain Enerqy Method

The elastic stain energy difference was calculated in MARC by a
differential stiffness method [A.3] and the Strain Energy Release Rate 'G' was
calculated by dividing tne strain energy difference by the area of crack

advance. The mesh distortion asscciated with the calculation of G is shown in
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Figure A-18. AIl1 the values of G obtained by the Strain Energy Method assumed
advance of the crack in its existing plane. The results were used to verify
the Ky, Kpp and Kyrp values calculated by the Displacement Extrapolation
(Section A.2.8) as follows:

Verification Of Calculated K Values

The method of differential stiffness for the calculation of G leads to
problems in the simultaneous solution for Kp» Kip and Kypp. However, the

values of G associated with each of the three modes of opening can be

calculated as follows [A.4]

K Ko(uy, + us) + K A-17
G. = - g ml 1M1 2 11 (A-17)
I S S22
Hi¥2
K1
GII = ’_2"’ Sll Im{ KII(UI + Uz) + KIuluZ ] (A-18)
2
e < N1z 244955
IIr =, 2 A-19
344355 ~ 845°) (A-19)

For coplanar crack advance and general anisotropic conditions the value of G
is given as

G =Gy + Gy + Gy (A-20)

Substitution of the values of KI’ KII and KIII from displacement
extrapolation into the above equations allows comparison between a directly
calculated and a derived value for G and hence a means of verifying the values
of K.

In addition, for cracking on the (111) plane, a plane of elastic

symmetry as specified in the derivation of the characteristic Equation (A-4)

A-41




B8 .6a

Only the starred elements show a stiffness

change on crack extension.
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Change in crack area = AA
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FIGURE A-18(a). Differential stiffness energy release
calculation - mesh distortion.

change in crack area

Shaded region

FIGURE A-18(b). Energy release rate calculation, 3D
crack front.
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only exists at two points around the semicircular crack front. The comparison
between the calculated and derived values of G allows assessment of the extent
to which the plane assumption must be rigidly applied.

A.2.10 Results of 3-Dimensional Analyses

The computer coding developed for the generation of elastic
properties, the calculation of the roots of the characteristic equations and
the calculation of stress intensity factors from the displacement
extrapolation method was used for both the isotropic and locally anisotropic
models.

30 Degree Angled Edge Through-Crack

The 48 element FE model used for this analysis was set up as a
preliminary %trial to investigate the use of MARC with 3-dimensional locally
anisotropic crack models. As a consequence of the coarseness of the mesh and
the resulting scatter of the rear-tip nodal displacements, the stress
intensity results for the isotropic case were lower than the published results
for angled edge cracks [A.l, A.8] by at least 7 percent. Having deveioped the
techniques for handling such problems, efforts to refine and rerun the job
were diverted in preference of the semicircular surface crack model.

The stress intensity factors for the angled edge crack were

normalized with respect to

*
Ko = o/(ma )
where g = vremote uniaxial stress
a* = crack length
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Figure A-19 shows the normalized Mode I stress intensity factors, for

the isotropic and locally anisotrcpic models and the isotropic plain strain
results given by the Rooke and Cartwright [A.1] and Preston and Pickard {A.8].

Figure A-20 shows the normalized Mode II and Mode III stress
intensity factors for the isotropic and locally anisotropic models. The plane
strain Mode II results according to Rooke and Cartwright [A.1] and Preston and
Pickard [A.8] are also shown.

Figure A-21 shows Gde/Ge' the ratio of strain energy release rates
derived by displacement extrapolation and calculated by the energy method.
The lack of symmetry of Gde/Ge along the crack front of the anisatropic model
indicated that the displacement extrapolation method and the strain energy
method were unable to give equivalent results with the coarse mesh provided.

Semicircular Surface Crack

The stress intensity factors were normalized with respect to

Ko

2 av{a/x)

where o

remote uniaxial stress
a = crack radius
Although the method of analysis was applicable to angled surface
cracks, it was decided to validate the model for the isotropic case by
comparison with published results [A.l1, A.9, A.10] and so a perpendicular
surface crack model was developed.

Figure A-22 shows the normalized Mode [ stress intensity factors
for the isotropic model around the crack front for s = 0 to 90°C compared with
the full curve by Rooke and Cartwright [A.1] and surface and full crack depth
resuits by Hellen and Blackburn [A.9] and Pickard [A.10]. According to Hellen

and Blackburn [A.9], the results at a free surface should be treated as under
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plane stress and their result and that given by the current analysis are shown
in Figure A-22.

Figure A-23 shows the isotropic and locally anisotropic normalized
Mode I stress-intensity factorc given by the current analysis for s = 0 to
180°.

The normalized Krp and Kppy values for the locally anisotropic case
are given in Figure A-24., For the isotropic case the Kip and Kppq values were
zero. The Mode II anisotropic plane stress solution at the free surface is
also given in Figure A-24.

Figure A-CS «hows Gde/Ge’ the ratio of strain energy release rates
derived by displacement extrapolation and calculated by the energy method.
Although it is recognized that the energy method provides a weighicr averaye
value for the strain energy release rate close to the free surface, .hereas
that derived from the displacement extrapolation K values is specific to the
surface, the two values of G were much closer when plane stress conditions
were assumed for the Modes I and Il solutions, both for the isotropic and the
locally anisotropic cases.

A.2.11 Conclusions

The displacement extrapolation technique was used to determine 3-
dimensional stress intensity factors in locally anisotropic materials. This
technique has the advantage of being able to separate the values of K for each
of the three modes of opening and when used with quarter point elements at the
crack front, is expected to yield accurate results. However, because of the
material anisotropy the 3-dimensional solutions should ‘rictly only be valid
at points where a plane of elastic symmetry exists simultaneously

perperdicular to the crack plane and crack front, In order to check the
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rigidity of this symmetry restriction, the elastic strain energy release rate
G, derived from the K values, was compared with the G calculated by the
differential stiffness (energy) method. The values of Gde/Ge given for tne
perpendicular semicircular surface crack model show that the symmetry
raquirement does not need to be enforced rigidly. Confidence in the locally
anisotropic K values being consistently higher than the corresponding
isotropic values leads to interesting consequences for the presentation of
'small' crack growth data in relation to those for ‘long' cracks.

Although the effect of plane stress conditions at the free surface
would be very localized, the disparity between the displacement extrapolaticr
and the differential stiffnass (energy) methods was reduced by such an
assumption. Together with metallurgical features which hinder crack advance
along the free surface, the plane stress condition could be a contributcry
factor in the successful modelling of crack shapes. Accurate component life
prediction depends very much on knowledge of the crack shape and accurate
stress intensity solutions. The results given here indicate that the stress

intensity solutions used to present small crack data may require revision.
A.3 Summary

This report considers the calculation of stress intensity factors ir
a material containing a small crack in a region considered to be lorally
anisotropic. The finite element analysis work was developed in two stages, a)
20 plane solutions and b) 30 solutions. Both stages involved the calculation
of isotropic solutions to check the models and methods against published

results before the introduction of local anisotropy. All the aralyses assumed

linear elasticity.
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2D Finite Element Analysis

A perpendicular edge crack model was constructed using 8 node
isoparametric quadrilateral plane strain elements. The cra.k tip was
constructed using degenerate crack tip elements to renresent the elastic
singularity. Stress intensity factors were calculats’ by both the strain
energy method and the displacement extrapolation mettod.

The modelling of crystallographic crack oranching was investigated
for a range of orientations of local anisotropy. The strain energy release
rate peaked at or very close to the direction of colinear crack advance and it
was concluded that this parameter could not be relied upon to predict the
direction of crystallographic crack growth.

3D Finite Element Analysis

Two models, an angled edge through crack and a perpendicular
semicircular surface crack, were constructed using 20 node isoparametric brick
elements. The crack tip region was constructed using degenerate quarter point
elements to represent the elastic singuiarity. Strain energy calculations for
the locally anisotropic model were used to verify the displacement
extrapolation results. The anisotropic region around the crack was orientated
such that the crack ran along a close packed plane.

The results of the analyses, for a limited number of anisotropic
orientation and geometric configurations, have revealed that increased stress
intensities (on average, 5 percent greater than the isotropic case, Figure A-
23) may be observed for particular configurations compared to those derived

using isotropic, homogeneous models.
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